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I  INTRODUlTION  AND  SUMMARY 


I  I  INTRODUlTION 

I'lio  purpose  nl  this  program  has  boon  to  develop  hardened  antonna  window  or  radonio  ma- 
tonals  lor  |M>lontial  hallistio  niissilo  intorooptor  applications,  with  emphasis  on  the  aohiovoniont 
ami  donionst ration  ol  high  transmission  quality  in  tho  millimeter  wavelength  hand  under  tho  an¬ 
ticipated  thermal,  mechanical  and  particle  erosion  environments  of  tho  "Kndo  Non-Nuclear 
Kill"  (KNNKt  Hallistio  Missile  Defense  Intorooptor  (HMI)l).  This  environment  includes  veloc¬ 
ities  as  high  as  12,000  loot  per  second,  and  heat  Hum's  sufficient  to  drive  silica-based  materials 
to  melting,  and  most  nitride-liasod  materials  to  sublimation  temperatures. 

This  work  was  performed  in  the  Advanced  Materials  Development  Uahoratory  of  tlK-HKSD 
in  the  period  t imiii  ,lul\  ;t,  t;\7S  to  April  "0.  lilTi).  I'liree  subcontracts  were  let:  Materials 
Sciences.  lne.  performed  nuerost ructu ml  analyses  of  the  Al)l.— IDt!  composite  system;  Klfeets 
Technology,  lne.  perlormed  exploding  foil  impact,  equation  of  state  and  particle  impact  testing 
on  two  variations  ol  ADI— IDil,  and  the  l.ahoratory  lor  Insulation  Research  ol  Mi  l'  perlormed 
dielectric  property  measurements  on  two  variations  ol  ADI— I  DU  and  ultrahigh  purity  monolithic 
nitride  ceramics  ol  aluminum  and  silicon. 

1.1.1  MU  1, TiDI HKt’TlONA I .-HEI  NKOIU'KD  ITHHOUS  COMPOSITES 

This  "Millimeter  Wave  Hardened  Antenna  Window  Materials  Study"  is  the  fifth  in  a  series 
ol  AMMIU'  tlK-HKSD  programs  with  the  stated  general  objective.  In  the  preceding  program 
(Ret.  II.  the  ADI. -IDS  silica-silica  composite  process  was  developed.  A  "standard"  form  ol 
the  material,  based  on  ,1.  I’.  Stevens  Astroquart/  20  end  filters  woven  in  a  ID  cubic  configura¬ 
tion  by  tin'  Omniwcavc  process,  and  densified  with  a  purified  version  ol  Dupont  l.UDOX  AS  col¬ 
loidal  silica,  was  characterized  for  design  data  on  mechanical,  thermophysical  and  dielectric 
properties.  Its  resistance  to  weajxtns  elfeets  was  measured  h\  exploding  foil  tests  and  some 
initial  data  was  gathered  on  particle  impact  resistance. 

This  testing  program  showed  the  material  to  have  a  tensile  strength,  as  measured  In 
flexural  MOH.  in  excess  ol  .>000  psi  for  all  observations  (mean  value  of  (>(>10  psi)  and  an 
extremely  high  strain  to  lailure-in  excess  ol  1.0  percent.  The  relevant  properties  of  the  ma¬ 
terial  as  developed  m  lii.'ii  are  sumiiiari zed  in  ruble  I  and  compared  to  the  other  S.O.A.  eou- 
ve>  tional  ,md  hardened  .  i emin  window  materials. 


The  strength  achieved  at  that  time  is  equivalent  to  conventional  fused  silica,  hut  the  strain 
failure  Is  two  orders  of  magnitude  higher.  This  extreme  fracture  toughness  correlates  with  the 
high  value  for  shock  hardening  threshold  as  measured  by  exploding  foil  tests.  This  "baseline 
ADI,— fllti"  has  the  highest  spall  threshold  ot  any  known  antenna  window  material:  SOOO  taps 
or  more  tor  a  one  inch  thickness.  Conventional  lused  silicas  and  lioron  nitride  tail  at  one- 
tenth  this  level  of  impulse. 

The  electrical  properties  of  the  high  purity  fiber  and  colloidal  silica  constituents  of  the 
Al)l,— lilt!  composite  are  intrinsically  excellent.  However,  the  very  poious  and  permeable 
composite  matrix  freely  absorbs  atmospheric  moisture  which  hydrolyzes  on  the  high 
surface  area  matrix  silica  and  raises  the  etleetive  loss  tangent  ol  the  unmodified  material  to 
well  above  the  acceptable  benchmark  level  of  0.01. 

A  "water  densensitization  piocess"  based  on  treatment  of  the  thermally  cleaned  and  dried 
densilied  composite  with  silane  vapor  succeeded  in  eliminating  the  effects  ot  this  water  absorp¬ 
tion.  1  lie  baseline  All!  IDti  material  described  in  deference  1  and  summarized  in  Table  1  has 
a  maximum  loss  tangent  at  1150  MHz  of  0.000  at  room  temperature  and  showed  less  than  three 
(.1)  decibels  transmission  loss  at  10  till/  when  driven  to  surface  melting  in  a  CO>  laser  heating 
environment. 

the  work  described  in  lleterenee  1  can  be  considered  to  have  brought  this  material  to  a 
level  ot  characterization  adequate  lor  HMD1  or  HV  design  and  showed  it  to  have  superior  pro¬ 
perties  for  the  BMD1  application. 

It  was.  however,  soon  realized  that  a  more  comprehensive  data  base  was  required  for  the 
critical  new  performance  category  ot  particle  erosion.  Also,  in  the  interim  between  the  two 
programs,  emphasis  was  placed  by  HMDATC  on  use  of  higher  frequency  millimeter  wave  band 
radar  for  the  unprecedented  fuzing  requirements  of  the  KNNK  BMD1. 

The  definition  ol  the  work  to  be  performed  in  this  p  mg  ram  began  with  plans  to  do  particle 
erosion  measurements  on  and  model  the  erosion  resistance  ot  standard  ADI. -IDti.  and  to  mea¬ 
sure  its  dielectric  properties  in  the  millimeter  wave  band.  This  work  would  complete  the  data 
base  required  for  design  studies  on  the  new  interceptor  mission. 

The  "Hecommendations"  section  ol  Helerence  I  outlined  additional  work  on  the  111  silica- 
silica  composite  system: 

1.  Development  of  the  ADI,—  I  DU  silica-silica  composite  hardened  antenna 
window  materials  system  should  be  continued  with  the  goal  of  achieving 
the  extremely  high  (10,000  -  30,000  psi)  ultimate  tensile  strength  levels 
which  micmmeehanienl  analysis  of  the  materials  system  has  shown  to  be 
achievable. 


IV  o  spooitio  approaohos  woro  outlined,  I'ho  lust  was 


Kabrioation  usmn  linor  toxturo  silioa  Onumvoavo,  tlnrohv  vtolding 
smaller  unit  roll  dona  it  tod  oompositos , 

I'his  appivaoh  was  motivated  hi  (ho  similar  oiporioneo  wuh  >  a rbon-i  a i  Uni  eompos itos  . 
who ro  studios  had  boon  eonduelod  tv»  opluni.o  partiolo  erosion  aiul  ablation  porlormatnv  ioimis 
weave  sparing.  I’ho  ottoots  o(  weave  "ooarsonoss'1  -  too  laty.o  a  tibor-to-tilH't'  sparing  on 
ntoohatuoal  properties  of  t.'  l'  had  also  horn  obsorvod. 

Vho  tonsilo  tost  anomalios  ot  Uoloronoo  1  also  suggested  that  a  spootinon  strength  vorstis 
unit  roll  si. to  ottoot  was  operative.  A  finer  woavo  tonsilo  spoounon  or  window  tluokness  might 
tlnm  show  turthor  intprovonionl  m  st motural  properties  ovor  tho  standard  matorial.  I'ho  oom- 
plo\it\  ami  I'd s t  ot  mt rod m mg  this  now  woavo  would  also  havo  to  assossod  against  am  perform  - 
aiioo  advantagos. 

i'ho  sooond  spooitio  lvoommondation  w  as  a 

1'otailod  studs  ot  tiring  toniporaturo  and  stntonng  variations  to  realize 
tho  improved  strengths  indtoatod  in  tho  studios  undertaken  m  this  pivgram. 

(Hot.  I.  ('ago  lit?) 

I'ho  ADI  - 1 Dh  proooss  dovolopniont  work  ot  Uoforonoo  1  had  indioatod  that  floMiral 
stivngth  was  signitioantlv  unproved  In  addition  ot  tho  silano  oouplor  slop  and  that  boat  t ivatnu'iit 
variations  ttv'ni  tho  standard  proooss  oould  attoot  tho  olastio  modulus,  and  piospootivolv  tho 
sttvngth.  I'hoiv  was  also  experimental  ovidonoo  irom  tho  initial  work  doin’  on  ADI  IDil  m 
Uoloronoo  ~  that  floMiral  strongths  in  tho  tango  ot  di',000  to  lo.dth'  psi  oould  bo  aoluovod  with 
this  matorial  Mioronuvhatttoal  analvsis  ot  tho  svstoin  had  also  allow od  tor  a  thoorotioal 
sttvngth  this  high  d  tho  optimum  fiber-matrix  intoraotion  were  aoluovod. 

I'ho  work  ot  Uoloronoo  1  had  m  tart  not  aoluovod  this  strongth  lovol.  although  tho  ai'i'P  psi 
minimum  was  oonsidotvd  mo iv  than  adoiiuato  tor  oonvoutnuial  si  r  antonna  windows.  I'ho  appli 
ration  ot  tin-  matorial  to  largo  radotno  uso  or  to  a  stmotural  i\’lo  in  a  high  porlormanoo  HMD1 
largo  aporturo  antonna  window  would  bo  onhanood  it  suoh  sttvngths  ivuld  bo  aoluovod, 

I'ho  AlH.-IPti  studios  ot  this  ptvgrant  woro  oiy.am  od  around  this  outturn. 

Kurthor  dovolopniont  ot  tho  HNv,'  hybrid  (Ihmvii  nitrnlo  fusod  nuart.)  composite  was  also 
reivmmendod.  Kxeollont  spall  ivsistanoo.  tonsilo  pivportios  and  an  ovon  greater  strain  to 
failim-  oapal’iliti  -S  ,  |  than  ADI  IDt>  had  boon  demonstrated  in  Uotoivnoo  ”,  l'hoso  pivpor 
tlos  rooommondod  tin-  matorial  tor  ovlivnio  partiolo  impart  or  blast  onv  i ronmonts . 

I'ho  work  ot  Uoloronoo  1  was  duvotod  towaivl  ilovolopmg  an  aoooptablo  manutaoturing  piv- 
»o  s  tor  making  I'NvJ  oompositos  in  window  -sized  samplos.  I'ho  otlort  progressed  as  tar  as 
tin- dovolopniont  ot  .  high  I'N  solids  oontont  proprog  Astivijuart  siltoa  vain,  and  donsifiod 
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rigidized  llosuro  specimens  with  5000  psi  strength  wore  made.  But  a  more  "mamilaetu  table'' 
process  was  still  desired.  particularly  m  regard  to  cost  an, I  handling  characteristics  of  the 
rigidized  BNQ.  Hie  cl  tort  ol  this  program  continued  along  those  linos. 

1.1. 2  PI.THAHUIH  IM  Hl  I  V  M  TMPK-UASKO  CKKAM1CS 

A  second  general  ,'lass  ,>t  materials  was  intrixluced  into  this  program,  in  addition  to  tho 
nuiltnh root  tonal -reinforced  ftlmuis  ooramios.  Phoso  aiv  ultrahigh  purity  monoUtluo  nitridc- 
liasod  ooranuos,  prmcipulli  silu-on  nilrnlo  amt  aluminum  nitnilo.  This  class  ot  materials  has 
two  principal  advantages  tor  tho  PNNh  class  ot  ballistic  missile  defense  interceptors. 

1  he  monolithic  natuiv  assmvs  that  no  scattering  effects  need  be  considered  for  even  the 
hiuhost  frequencies  ot  interest  tor  this  application,  whereas  composite  windows  may  show 
some  beam  optics  ettects  due  to  the  intrinsic  tnhomogeneitv  ol  the  liber  matrix  unit  cell. 

Second,  these  materials  are  intrinsically  mechanically  hard  and  can  be  expected  to  have 
excellent  erosion  characteristics  in  a  small  particle  environment,  the  multidirectional  fibrous 
conifxisites  such  as  API  — fPd  however  would  be  superior  in  large  particle  impact. 

Die  two  prime  questions  to  be  answered  tor  the  use  ot  these  nitrides  in  the  \\K  application 
is  whether  they  have  the  required  high  millimeter  wave  radar  transparency  at  temperatures  up 
t,i  sublimation  ami  whether  than  cun  ever  lie  made  m  the  required  sizes  in  a  manufacturing  pro¬ 
cess  . 

The  development  ot  these  materials  is  discussed  in  Part  11  of  thus  report. 

l.t.ll  rilKHMOPllYSlCAl  AMI  MKCHAMl'AI  I'llAHAP  1KH1/.A  HON  OK  BAY  THAN  .  i\r 
SEI.KNIOK 

Hay  trim  Zinc  Selenide  is  a  commercially  available  high  optical  quality  |vl\  crystalline  .  inc 
selenide  infra  ml  !  ranspa  rent  material  made  in  the  chemical  vapor  deposition  process  at  Raytheon 
Corporation.  Its  thertuophysienl  ami  liieehitnical  properties  were  characterized  in  this  program 
over  the  temperature  range  from  -250*K  to  1S00*K  to  confirm  the  vendor  data  and  to  extend  it  for 
design  use  in  inframl  sensor  alternative  BMP!  designs. 

l'he  eharacteri zation  program  is  discussed  in  Part  ill  ot  this  report. 
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m  su  u  a  mb i  k  sitimi  s 

Om*  t » (  the  primu ry  goals  ot  the  multidireotuuial-reintoreed  eomposite  (lortion  ol  this  pro¬ 
gram  is  to  explore  process  variations  which  would  enable  the  silica -silica  ADL-lDt>  composite 
to  mow  closely  approach  its  theoretical  mechanical  strength,  and  to  realize  mieromechanical 
p roperty  performance  Ixuiefits  such  as  mechanical  erosion  resistance.  This  section  describes 
the  study  ol  the  silica  liber  component  of  the  composite. 

Chemical  analyses,  li  leaking  strengths,  and  TO  A  data  we  iv  obtained  on  live  different  lots 
ot  ,1.  P.  Stcvcnts  Astroqua rtz  roving.  The  results  ol  the  arc  emission  and  atomic  absorption 
analyses  and  the  average  roving  breaking  strengths  are  shown  in  Table  2.  The  sodium  contami¬ 
nation  data,  based  on  0.2  gram  sampling  sizes,  are  higher  than  P.  Stevens  data  published  as 
typical  (Table  11).  while  data  based  on  larger  sampling  sizes  (i.o  gram)  agree  reasonably  well 
with  tlu*  vendor  typical  data.  I  he  data  obtained  on  tlu*  larger  sample  sizes  in  considered  more 
accurate.  I  he  breaking  strength  data  on  the  as-received  Astroquartz  roving  agrees  very  well 
with  ,1.  P.  Stevens  published  values  (Hols,  if  and  I).  TO  A  data  was  generated  on  tellon-finished 
Astroquartz  both  in  air  and  No  to  check  on  the  adequacy  of  woven  preform  heat  cleaning  conditions 
Prior  to  densitieation  processing.  The  weight  loss  versus  temperature  curves  are  shown  in 
Figures  1  and  2.  Mused  on  this  data,  the  standard  lti  hours  at  510  C  heat  cleaning  cycle  is  suf¬ 
ficient  to  remove  the  teflon  finish. 

2.  1.  1  CHEMICAL  ANALYSIS 

Atomic  absorption  and  arc  emission  analy  ses  were  the  analytical  methods  used  to  determine 
the  contamination  levels  in  the  Astroquartz  fibers. 

Arc  emission  analysis  is  a  good  qualitative  semi-quantitative  technique  for  determining  the 
broad  range  ol  species  of  impurities  and  their  approximate  levels.  The  atomic  absorption  method 
is  an  extremely  accurate  specific  quantitative  method  and  was  used  to  accurately  determine  the 
level  of  sodium  and  iron  contamination  m  the  Astroquartz.  samples.  Sodium  and  iron  were  se¬ 
lected  tor  atomic  absorption  analysis,  since  our  prior  experience  (Hot.  5)  indicated  high  levels 
ol  these  two  elements  in  Astroquartz  roving.  The  results  of  these  analyses  are  shown  in  Table  2. 

Hie  following  procedure  was  used  in  preparing  the  quartz,  roving  samples  for  impurity  deter¬ 
minations.  The  Astroquartz.  roving  sample  was  washed  with  deionized  water,  then  the  teflon 
was  removed  by  heating  the  samples  in  platinum  crucibles  at  53 SV  tor  lb  hours.  The  samples 
we  iv  allowed  to  cool  to  room  temperature  and  again  washed  with  deionized  water.  The  quartz 
roving  was  then  divided  into  two  samples,  one  tor  arc  emission  analysis  and  one  for  atomic  ab¬ 
sorption  analysis.  These  analyses  were  then  performed  using  standard  analytical  procedures. 
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generally  with  the  .1.  1’.  Stevens  data  published  as  typical  impurities  in  Aslroquartz  (Table  3). 

Hie  sodium  levels  determined  by  atonue  absorption  using  1.0  gram  samples  also  agree  with  .1.1’. 
Stevens  data  (approximately  .»  ppm  Na).  Sodium  and  iron  levels  determined  by  atonue  absorp- 
tion  using  the  smaller  p'.  J  gram)  sampling  sizes  are  higher  than  "typical  values".  The  former 
data  (larger  sample)  are  considered  more  accurate  and  the  contamination  levels  appear  to  be 
about  "normal"  tor  Astroquart/ . 


In  one  series  ot  analyses,  the  Astroquart/  samples  were  heat  cleaned  at  bbO'.  and 

TbO'V  to  remove  the  liber  timsh  as  a  check  on  contaminant  levels  versus  degree  of  linish  re¬ 
moval.  (The  I'liA  data  had  not  been  completed  at  tins  point.)  No  significant  difference  in  sodium 
levels  was  evident  between  any  ol  the  heat  cleaning  temperatures. 

if .  I .  -  FIBER  BREAKING  STHEXOTU 


The  breaking  strength  ot  roving  samples  taken  from  each  lot  ot  Astroquart/  was  determined 
per  AS  PM  D-..7S.  A  minimum  test  series  ol  live  replications  was  done  to  determine  the  average 
breaking  strength  of  each  lot  ot  material.  Plus  breaking  strength  data  is  also  shown  in  Table  J. 
The  breaking  strength  of  the  silane-finished  Astroquart/  roving  is  approximately  tU>  percent 
higher  than  the  teflon  finished  Astroquart/,  and  is  most  probably  due  to  the  silane  being  a 
better  hinder  material  than  the  teflon  and,  therefore  giving  better  load  transfer  between  tila- 
ments.  As  such,  the  difference  in  breaking  strength  is  not  significant  lor  the  purposes  ot  this 
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process  study.  The  measured  breaking  strengths  for  all  lots  of  Astroquartz  tested  agree  with 
.1.  1'.  Stevens  advertised  data  (Refs.  ;l  and  I)  of  1 . f>  pounds  end  and  2.5  pounds/end  for  teflon  - 
linished  ami  silane-finished  Astroquartz,  respectively. 

2.1.:t  FINISH  REMOVAL  STUDIES 

1  lie  stamlard  teflon  tinish  removal  eonditton  used  during  this  work  for  Astroquartz  Omni- 
weave  preforms  was  510  V  for  lit  hours  in  an  air  circulating  oven.  Since  residual  teflon  finish 
on  the  Astroquartz  fillers  could  affect  the  contamination  level  and  the  ultimate  composite  pro¬ 
perties.  TO  A  data  on  teflon-finished  Astroquartz  was  generated  in  air  and  in  nitrogen  to  cheek 
on  the  adequacy  of  the  standard  removal  conditions.  For  completeness,  the  nitrogen  run  was 
included  to  simulate  conditions  in  the  interior  of  the  woven  preform  even  though  theoretically 
tin1  aii  ami  It«A  curves  should  lie  t in'  same  since  teflon  degrades  by  depolvmcrization  rather 
than  oxidation.  The  lOA  curves  obtained  are  shown  in  Figure  1  and  indicate  that  the  teflon 
begins  to  decompose  above  A  50  V  when  heated  at  10  V  per  minute. 

I  he  question  still  ivmained.  however,  ot  the  rate  and  eoinpleteness  ot  doeonqxisition  in 
this  temperature  range.  To  determine  this,  an  isothermal  IV, A  at  510V  was  run  to  determine 
the  rate  of  tel  Ion  decomposition  under  "standard"  removal  conditions.  This  curve  is  shown  in 
Figure  2.  Based  on  this  isothermal  IV A  data,  the  standard  preform  heat  cleaning  cycle  of 
In  hours  at  510V  is  sufficient  to  remove  the  teflon  finish. 

The  TC1A  residual  mass  data  are  tabulated  as  insets  in  Figures  1  and  2. 
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TEMPERATURE  Cd«o  C5 


Isothermal  TGA  of  20  End  Teflon  Finished  Astroquaru  Roving 
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P.  P  I  SU.H'A  KU»KH  SYSTKM 

Hu-  gnu  it,  lilier s vs tom  used  m  fnlirk' ilttlin  tlu>  Ouuuwoavo  Palmes  lor  this  png;  rain  wn  ■ 

,1 .  I’.  Slovens  Am l ingua it i ,  .10.'  Id  oiul  and  20  oiiil  iDvitg;.  rho  basic  liber  properties  arc  shown 
III  Pablo  l . 
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four  gua rt .  Oiumwcavc  prelornis  were  woven  lor  API  IPO  developinenl  and  elia  1  aeteri .a 
lion,  these  Here  prolorin  numbers  l ‘2d.  121,  IP,.,  and  120.  ruble  >  lists  the  etiaraelensties 
ol  ouch  ol  these  prelornis.  I'rolorin  ltd  (t'ijoiro  d>  is  the  standanl  IP  euliie  eonsl  melton  us  tig; 

.’0  end  iwugi.  I'relortus  IP  I  and  IP.,  are  line  weave  versions  (IP  end  roving)  ol  the  IP  cubic 
construction,  lipiito  t  is  a  photograph  ot  pivtorm  123. 

I’retonn  r.’U  p  ee  flume  .0  consists  ol  a  standard  IP  and  two  all  sections,  the  IP  section 
\  t ti  —  AY  consists  et  20  end  Ast  roguu  rt  / .  In  Ihe  .*  I )  seel  ions,  120-11  has  1'P  end  Aslivgnart  i\n  mu 
added  111  tin-  transverse  direction  and  seelion  120-1’  has  Po  end  Ast roquarl twiigi  added  in  tin- 
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I'lio  proto rm  (IP.l  ilosignntoil  lot  UNi,)  ptvo’ss  studios  oonstsloil  o|  twolvo  ingot"  woavos 
oil  oh  appivMinntoli  O.tl"  \  tl.S"  \  S "  >  ivovoii  siuuiltanooiislv .  I'lio  lihor  usoil  w:ts  silano- 
1  inishoil  Ast  ivtjua  i  t .-  PO  oml  mi  mg .  Ki\  ol  t ho  "I i ngor  u  onvos "  uli li  .  oil  Kuimi  nil  rnlo 

A -t  roi|uart  roving  proprog,  wlulo  t  ho  roiuaimloi  ivoro  novoti  using  plain  silano  linishoil 
Ast  ivnuart I  hi.'i  was  ilono  to  pro\  nlo  various  boron  uitrnlo  guart;  tibor  \oluimv  ratios  m  tin 
proto  mis . 

I'lio  tormulil  ot  thi’  boron  nitrnlo  oinnlsion  usod  ti'r  pvi'iivi'ggtng  is  shown  in  Vablo  n.  Phi: 
tormulat  ion  n  as  solootoii  booauso  tho  proi  ion  -  aiitonna  wiiulon  stmlv  (Hot.  11  imhoalod  it  pin 
viiloil  tho  host  proprog  m  tonus  ot  ponot  nilion  ;iml  unilorniiti  ol  tho  hoivu  nitrnlo  in  tho  i|uait. 
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Tho  proprog  pmooss  is  dosoribod  in  Sivtion  .'  I  «.p  ol  Holi’i onoo  I 
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(•’.a  tnioron  moan  partiolo  iliatnolorl  in  ilistilloil  ivali'r  oinnlsion  was  iniooli’il  into  tho  protorui 
as  it  was  ivovon.  Plus  inuvliou  oporaliou  na--  ooiiiluoloil  lor  Iho  lust  l.<  molu’s  ol  oaoli  lingoi 
Homo,  altor  n  liioli  n  Oiiving  oontiuuoil  without  ihoso  |1N  additions. 

A  photograph  ainl  slo'toh  ol  pivtorm  IP.  iippoar  in  Ktguros  n  ami  ,  Wovon  pivlorni  oliara 
tori  .  iilion  ihila  O'  shown  in  Pablo 
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II  is  (Hi  lhal  this  is  tint'  it'  1  In'  hihrieitt  t>l  Moron  nilritU'  i't>uplt'tl  with  t lu>  Omniwoavo  prolorm 
fa  It  ri  i*a  lion  proooss.  m  tlu-  Omniwoavo  piwt'ss.  sonu'  t  litlion  between  fihe  rs  is  noeossary  so 
lhal  previoush  tvovon  slilehos  romain  liultl l\  paekoil  until  sul'sequent  weave  motions  look  thorn 
in  plaoo.  The  athlilion  of  tho  homn  nilritlo  prior  to  or  al  Ihis  |H>mi  rotlnot's  this  triotion  ami. 
tho rolb tv.  somo  weave  relaxation  ooours.  Ihereln  rotlueini;  tho  fiber  volumo  of  tho  tvovon  pro- 
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TABLE  7  BNy  PREFORM  CHARACTERIZATION  DATA 


Number  427  Series  Preforms 
Weave  Design:  4D 

Fiber  Type:  Astroquartz ® 552  Roving 

Roving  End  Count: 

Finish: 


Woven  Dimensions  (in) 


Average  Woven  Density 
(g/cm3) 


Average  Fiber  Volume 

(*) 


Average  BN  Volume 

(%) 


20 

BN  Prepreg  (6) 

BN  Added 

In  Si tu  (3)  Plain  (3) 
0.6x0.8x15  0.6x0.8x15 

0.8  0.6 

19  22 

12  1 


4D 

Astroquartz ® 552  Roving 
20 

Silane  (6) 

BN  Added 

In  Si tu  (3)  Plain  (3) 
0.6x0.8x14  0.6x0.8x12 

0.8  0.9 

25  42 

12  0 


2.3  COMPOSITE  DENS1FICAT ION 

The  three  major  objectives  under  the  ADL-JD6  densilication  task  are: 

1.  To  fabricate  ADL— IDG  material  by  the  "standard"  process  for  further  characterization 
of  the  baseline  material 

2.  To  produce  a  "fine  weave"  variation  of  ADL— IDli  and  compare  its  properties  to  the 
standard  material 

3.  To  investigate  densilication  process  variations  which  may  lead  to  improved  composite 
properties 

2.3.1  STANDARD  DENSI FICATION  PROCESS 

A  flow  diagram  of  the  standard  ADL-4D6  densilication  process  is  shown  in  Figure  S.  Prior 
work  on  this  silica-silica  system  under  a  NASA  contract  (NAS  2-u3(>l ,  Ref.  5)  aimed  at  produc¬ 
ing  very  high  purity  silica-silica  composites  for  reflective  heat  shield  applications  showed  that 
the  contamination  level  in  ADL— 4D(i  composites  is  reduced  by:  1)  washing  the  Omniweave  pre- 
lorm  prior  to  infiltration  with  colloidal  silica  (reduces  Nat  level  in  preform  from  approximately 
200  ppm  to  approximately  100  ppm);  and  2)  ion-exchanging  the  colloidal  silica  sol  prior  to  use 
(reduces  Naf  in  silica  solids  from  approximately  22o  ppm  to  approximately  123  ppm). 

These  two  steps  have  been  incorporated  into  the  ADL— lD(i  densilication  process  originally 
reported  in  Reference  1. 
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I  wirr  N  AIH  41)6  Staiuliml  Kahriialion  Process 


In  this  study  four  ADL-lDti  plates  have  been  densified  by  tins  baseline  process;  two  standard 
preforms  (118-2  and  423-3)  and  two  fine  weave  preforms  (424-1  and  424-2).  t'haraeteri/.ation 
data  on  these  densified  parts  is  shown  in  Table  8. 

2.3.2  PROCESS  VARIATION  STUDIES 

The  goal  of  this  task  was  to  improve  ADL-4DI!  composite  properties  by  evaluating  the  elleel 
of  certain  modifications  to  the  standard  densification  process.  A  tree  diagram  of  the  densifiea- 
tion  process  variations  evaluated  is  shown  in  Figure  9.  Table  9  lists  the  bulk  panel  character¬ 
ization  data  for  all  panels  fabricated  in  this  process  variation  study.  Each  process  variation 
evaluated  is  described  in  the  following  subsections  (2.3.2.  1  through  2. 3. 2.4).  The  llexure  test 
results  for  each  process  variation  are  given  in  subsection  3. 2. 1.2. 2. 

2.3.2.  1  Preform  Heat  Cleaning  Variations 

This  process  variation  was  intended  to  evaluate  the  effect  of  residual  tellon  finish  on  the 
quartz  filaments  (prior  to  initial  densification)  on  the  ultimate  composite  properties  through 
alterations  at  the  fiber/matrix  interface. 

2.3.2. 1. 1  Delete  Heat  Cleaning  (Teflon  Removal)  Step  -  The  purpose  ol  this  modification  was 
to  prevent  thorough  penetration  of  the  colloidal  silica  particles  into  the  fused  quartz  roving 
bundles  during  preform  densification.  It  was  lelt  that  this  condition  might  result  in  higher 
composite  strengths  and  failure  strains  due  to  relatively  "soft"  (partially  impregnated)  fiber 
bundles  in  the  final  composite.  By  allowing  the  teflon  to  remain  on  the  fibers  during  the  first 
two  colloidal  silica  impregnations,  it  would  block  the  colloidal  particles  from  penetrating  the 
fiber  bundles  and  lead  to  a  buildup  of  deposited  silica  around  each  bundle.  This  silica  coating 
would  inhibit  colloidal  silica  penetration  into  the  fiber  bundles  during  subsequent  infiltrations, 
although  the  teflon  would  be  removed  after  the  first  firing  cycle  during  densification.  Panel 
number  423-1  was  fabricated  using  this  modified  process .  No  silane  coupler  was  applied  — 
it  would  not  bond  to  the  teflon,  and  minimal  silica  coupling  to  the  fiber  bundles  during  first  in¬ 
filtrations  was  the  parameter  under  investigation.  Flexural  test  results  for  this  process  varia¬ 
tion  are  shown  in  Table  14  in  Section  3. 

2.3.2.  1.2  Higher  Heat  Cleaning  Temperature  -  One  preform.  #423-11.  was  initially  heat  cleaned 
at  tl50°C,  then  densified  using  the  standard  procedure.  This  higher  temperature  initial  heat  clean 
(6f,o°C  versus  standard  510°C)  insured  complete  removal  of  the  teflon  finish  prior  to  silane  treat¬ 
ment  and  infiltration  with  colloidal  silica.  With  the  addition  ot  the  silane  coupler,  this  condition 
provided  the  maximum  possible  penetration  and  bonding  between  the  matrix  and  liber,  flexural 
test  results  for  this  process  variation  are  shown  in  Table  14  in  Section  3.  This  experiment  com¬ 
pleted  the  heat  cleaning  variation  studies:  no  heat  clean  (423-1),  standard  heat  clean  (418-2  and 
423-3)  and  high  temperature  heat  clean  (423— t). 
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However,  the  re.at.vely  high  temperature  required  to  form  boron  , 
f,3WV-  *•••.  "00-120, VC  had  n  deleterious  effect  on  the  r 
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TABLE  8  ADL-4D6  PANEL  CHARACTER  I/AT  ION  DATA 
(STANDARD  DENSIUCATION  PROCESSi 


I  All!  I  *»  i'll  \K  U  II  Kl/ A I  ION  DMA  ON  I’KOCl  SS  V  VKIAIION  SI  OIA  PANl  I  S 


Panel 

10 

Process  Variation 

Bulk  Density 

-  ilL/cm3]. _ 

F  i  ber 
Volume 

Porosi ty 

4-3-  1 

Delete  Heat  Cleaning 

1.57 

48 

29 

423-6 

650° C  Heat  Clean 

1.51 

43 

31 

423-2 

Smaller  Colloidal  Silica 

1.51 

4S 

31 

FP-2 

'Aggregated'  Colloidal  Silica 

1.45 

41 

34 

423-4 

'50'C  Firing  Temperature 

1.54 

48 

3D 

423-5 

550°C  Firing  Temperature 

1.59 

43 

po 

FP-1 

Acid  Stabilized  Colloidal 
Silica 

1.64 

45 

25 

2. '2  Variation  ot  i'ollonlal  Silica  Particle  Size 

1'liis  pivot's s  modification  provided  an  evaluation  of  ADI— IDt!  composite  properties  versus 
size  of  the  eollonial  silica  particles  used  during  densification.  Darts  were  densified  with  both 
smaller  and  larger  (ettective!  sized  colloidal  particles  than  low-sodium  l.udox  AS. 

J  . 1  Smaller  t'ollonlal  Silica  Particles  -  Panel  I'd:!--  was  dens i lied  using  Nalco  d;tdi>  col¬ 
loidal  silica  which  is  reported  (vendor  literature*!  to  have  an  average  particle  size  ot  milli¬ 
microns  compared  to  21  millimicrons  for  low-sodium  l.udox  AS.  l'hc  Nalco  2;!2ti  colloidal 
silica  was  given  one  room  temperature  ion  exchange  before  ust-  since  previous  work  (Hof.  >1 
had  shown  that  alter  one  ion  exchange  purification,  the  Nalco  2820  and  low -sodium  l.udox  AS 
have  comparable  purity  levels  (approximately  100  ppm  Na  ’  m  the  silica  solids!.  Flexural  test 
results  for  this  process  variation  are  shown  in  Fable  1  I  m  Section 

2.;!. 2. 2. 2  larger  Colloidal  Silica  Particles  -  Since  large  particle  ammonia-stabilized  colloidal 
silica  sols  are  not  readily  available,  it  was  decided  to  use  "aggregated"  colloidal  silica  sol  in 
place  of  a  large  ('article  sol.  Allowing  the  colloidal  silica  particles  in  low-sodium  l.udox  AS 
to  aggregate  increases  the  ctfcetivc  particle  size.  at  least  for  infiltration  purposes,  as  shown 
below  m  Figure  10. 

‘Nalco  Chemical  Company.  Product  Technical  Data  bulletin.  K-2:!2t!,  November  is!  To. 

t!4 
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Ihc  colloidal  particles  aggregate  In  forming  siloxano  liouds  between  cacti  other.  I'he  tor- 
mation  of  these  silo  Mine  linkages  is  a  Inaction  of  the  surface  charge  on  the  colloidal  particle  and 
hvdroxi  1  ton  content  (Wet.  7).  This  aggregation  mechanism  is  deputed  in  figure  11.  in  the 
neutral  pll  region,  the  colloidal  silica  particle  surlaee  charges  are  imtuini/ed.  therein  allowing 
contact  and  subsequent  siloxane  linkage  lormation.  to  determine  the  relative  degree  of  aggre¬ 
gation  ot  a  colloidal  silica  sol  a  DuPont  procedure  (Ref.  7)  was  used,  Plus  procedure  deter¬ 
mines  the  percent  silica  in  the  dispersed  phase  of  a  silica  sol  through  viscosity  measurements 
under  standard  conditions  of  concentration,  purity  level  and  pll.  As  the  percent  silica  in  the 
dispersed  phase  decreases,  the  degree  ot  particle  aggregation  increases  (water  becomes  oc¬ 
cluded  in  the  particle  network).  Preliminary  work  showed  that  low -sodium  l.udox  AS  with  pH 
ad i us teil  to  ,".-15  with  1K1.  would  gel  within  eight  hours,  for  the  degree  ot  aggregation  deter¬ 
minations.  we  adjusted  the  pll  ot  low -sodium  1  udox  AS  to  with  ltd..  The  percent  silica  in 
the  dispersed  phase  versus  time  data  is  shown  in  figure  11  tor  standard  low-sodium  Udox  AS 
aml  1  l|dox  -^‘s-  DuPont  literature  (Wet.  7)  notes  that  particle  aggregation  has  been  initiated 
when  the  percent  silica  m  the  dispersed  phase  tails  below  7.>  percent,  for  densiliealion  pro¬ 
cessing,  sodium  l.udox  AS  with  pll  ot  •>.•>  was  used  alter  aging  1  hours  at  mom  temperature. 

Part  number  !•  P--  was  densitied  via  this  technique,  flexural  test  results  for  this  process 
variation  are  shown  in  Table  13  in  Section  3. 
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figure  I  I  Percent  Silica  in  Dispersed  Phase  Versus  lime  for  I  udox  Colloidal 
Silica  Sols  at  Room  Temperature 
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i. 


II"’  effect  of  vary  Inn  tho  firing  temperature  during  donslltcatlon  on  the  strength  and  modulus  of 
MH.-IDC.  composites  was  also  evaluated. 

'2.0.2.:t.  I  lower  firing  Temperature-  Preform  number  1211-5  was  processed  using  the  standard  don- 
sifleallon  procedure  except  that  a  firing  temperature  of  550  t  was  used  Instead  of  (In-  usual  050'C.  It 
was  ant lelpated  that  this  lower  Ill-Ini’  temperature  would  yield  a  lower  modulus  anil  higher  straln-to- 
fallure  composite  by  slaving  well  below  silica  devitrification  temperatures.  The  effect  of  less  matrix 
sintering  on  the  composite  strength  would  lie  examined.  Flexural  test  results  for  this  process  varia¬ 
tion  are  shown  In  Table  Hi  in  Section  II. 

-•  H.  2.  II.  2  Higher  Firing  Temperature  -  Preform  number  125-  I  was  processed  using  the  standard  den- 
slflcnl Ion  procedure  except  that  a  firing  temperature  of  750"C  was  used  instead  of  tlie  usual  tint)  (’.  It 
was  anticipated  that  this  higher  firing  temperature  would  yield  a  higher  composite  modulus  with  lower 
slraln-to-lailure.  Previous  work  had  shown  a  loss  of  strength  at  these  temperatures,  but  this  effect 
was  compounded  by  the  added  process  parameter  of  differences  in  sodium  ion  content.  The  effect 
ot  higher  repeated  tiring  temperatures  on  porosity,  colloidal  silica  pick-up  during  processing,  and 
density  was  also  to  lie  observed.  Flexural  test  results  for  this  process  variation  are  shown  in  Table 
I  ti  in  Section  is, 

2.11.2.  I  Acid  Stabilized  Colloidal  Silica 

The  colloidal  silica  particles  in  typical  colloidal  silica  sols  (l.udox  and  Naleo)  are  stabilized  and 
prevented  from  growing  or  aggregating  by  the  presence  of  hydroxyl  groups  on  the  particle  surface. 

These  hydroxyl  groups  impart  a  charge  to  the  colloidal  particle  surface,  causing  mutual  repulsion 
and  thereby  preventing  the  particle  contact  reiiulred  for  growth  or  aggregation.  The  pH  of  these  col¬ 
loidal  silica  sols  Is  usually  adjusted  !>-IO  with  ammonium  hydroxide  to  achieve  this  particle  stabiliza¬ 
tion.  My  adjusting  tin-  pll  ol  these  colloidal  silica  sols  to  the  add  range,  the  surface  hydroxyl  groups 
are  neutralized  resulting  in  no  charge  on  the  particle  surface.  Hut  In  the  add  pll  range,  particle 
aggregation  is  still  inhibited  by  I  lie  absence  ol  hydroxyl  groups  required  for  slloxane  linkage  forma¬ 
tion  between  particles.  The  absence  ol  a  surface  charge  on  the  colloidal  particles  may  Improve  fiber 
wetting  during  impregnation  with  the  colloidal  silica.  One  Omniweave  specimen  was  devoted  to  this 
evaluation.  Sample  FT  I  was  denslfieil  with  low  sodium  l.udox  with  the  pll  adjusted  to  1.0  with  11(1  . 

The  flexure  bar-sized  specimen  had  a  final  bulk  density  of  1.01  g/em'*  ('Table  01.  If  this  Increase 
over  the  nominal  density  ot  1.00  gVm'  could  be  consistently  nchieved,  other  performance  properties 
remaining  equivalent,  the  process  variation  may  well  be  of  interest  for  this  reason  alone.  Flexural 
test  results  for  this  process  variation  are  shown  in  Table  17  In  Section  0. 


w.vri  ii  oksknsiti/  \no\  sitpii  s 

In  tho  previous  AMMlii'  program  (Hoi.  Ii,  a  water  dcnscnsitization  prix-css  was  dcvclo|>cd  which 
Inhibited  water  ah  sorpt  ion  by  \  0 1  —  1 1  >  < »  oom|Msites.  l  he  e  s  setuv  of  (his  technique  was  to  vend  a 
Iva togenatod-organo-st I ane  with  (he  hydrated  sillea  surfaces  creating  a  hydrophobic  coaling  on  (he 
stliea  surfaces.  V  complete  description  of  I  tie  chemistry  iuvolvoil  Is  pvni  in  Section  i'.d  of  Hel'or- 
ctu'c  t.  I  he  process  selected  at  that  time  consisted  of  a  one  hour  heat  treatment  at  into  p  to  remove 
the  maloritv  ot  the  adsorbed  water  followed  hv  exposure  to  mothvlt richlorositane  vapors  for  "l  hours. 

I  In-  methvltriehlorosilane  vapor  reacts  w  ith  the  remaining  adsorbed  water  lo  form  Ihe  hydrophobic 
polvsiloxane  coating.  I  he  API. -IIKi  s|X'cimen  treated by  the  above  process  exhibited  a  loss  tangent 
of  O.OOfui  at  '.’do  Mil.’  after  I  hours  storage  at  ambient  conditions  (Hof.  1,  Pablo  it,  specimen 
*  lA-l  II. 

Since  the  pure  silica  silica  content  of  \PI  -IPO  has  an  Intrinsically  low  loss  tangent  (approxi¬ 
mately  0.  imo.i  at  'dot'  Mll/i,  It  was  decided  lo  trv  (o  improve  oil  the  previously  developed  water 
desen.siflzatlon  process  to  achieve  lower  loss  tangents  in  treated  API  IPO  composites.  The  baseline 
process  was  modified  by  increasing  the  heat  treatment  time  from  one  (o  four  hours  at  000  l'  prior  lo 
met  hy  It  r  ic  Itloros  i  I  ane  exposure.  following  the  extended  heat  treatment,  the  specimens,  while  stilt 
hot,  were  placed  In  a  methyltrlehlorosilanc  chamber  and  exposed  to  Ihe  vapors  for  '.’  I  hours,  i  he 
Increased  heat  treatment  time  was  intended  to  remove  more  of  the  surface  adsorbed  water  from  the 
silica  surface,  resulting  in  a  thinner  final  polvsiloxane  coating  from  the  silane-water  reaction. 

Standm  d  and  lint*  weave  API.-IPO  specimens  designated  tor  baseline  properly  ohnrnotoriz.nilon 
were  given  this  water  desensitization  treatment  after  donsifieatton  processing  licnerally.  there  is  a 
is  a  weight  increase  ol  about  0.7  |>oroonl  tine  lo  (lie  polvsiloxane  formation  from  (his  process. 

Pieloctrle  constant  and  loss  tangent  measurements  were  made  on  specimens  treated  hv  Ibis 
process,  then  stored  at  ambient  conditions  for  up  to  ltl  days.  |  he  dielectric  properties  were  men 
sureil  with  a  resonant  cavity  measurement  system  shown  schematically  in  figure  f.'.  fhe  resonant 
freil'ienev  and  cavity  tj  were  measured  with  and  without  tho  sample  in  the  caiilv.  I'ho  dielectric  con 
slant  and  loss  tangent  were  calculated  from  the  decrease  in  resonant  frixpioncv  and  cavity  i,',  rc- 
spt*ct i vet v .  I'ho  sample  size  used  for  this  investigation  was  a  a  s  inch  diameter  \  I  10  inch  thick 
disc,  the  dielectric  constant  and  toss  tangent  data  are  shown  in  I  able  10  and  figure  Id.  from  this 
data  it  can  be  seen  that  the  loss  tangent  of  treated  \P1  li'ii  stored  at  ambient  for  .’I  hours  Is  o.oOdd 
at  250  MHz  which  Is  Improved  over  I  lie  previous  process  loss  tangent  of  O.OOoO  at  '.'do  Mllz  in  7  1  hours. 

Ihe  loss  tangent  still  increases  with  time  and  appears  to  level  offal  about  0.  00.c.’  for  the  standard 
material  and  ('.  005S  for  the  fine  weave  material  in  about  id  days. 
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Figure 


figure  7.  Sketch  of  •*4:'  I  iiivtfi  Woau’  Preforms 


Further  refinements  of  this  water  desensitizatlon  process,  such  as  more  stringent  heat 
treatments  and  a  more  thorough  silane  exposure  through  evacuation  and  backfilling  of  chamber  with 
silane  should  result  in  even  lower  loss  tangents  for  treated  ADI ,-HKi  material. 

2.4  HNQ  C  OMI’OSm  OLNSU  ICATiON 

2.4.1  BACKGROUND 

I  he  oblective  of  the  BNQ  development  task  was  to  further  the  development  of  the  boron  nitride- 
silica  hybrid  composites  investigated  in  the  previous  AMMRC'  program  (Ref.  1).  The  desired  char¬ 
acteristic  of  these  hybrid  composites  is  a  very  high  strain  to  failure  achieved  by  the  use  of  a  low 
strength  (crushable)  final  rigtdization  matrix  in  combination  with  a  boron  nitride  intermediate  filler 
to  "lubricate”  the  siliea  fibers  as  the  composite  deforms.  A  high  BN  solids  content  yarn  prepreg 
process  was  developed  in  Reference  1,  but  n  process  suitable  for  manufacturing  preforms  was  not 
achieved. 

In  that  prior  work,  the  following  approaches  to  incorporating  boron  nitride  into  a  silica-based 
composite  were  used: 

1.  Use  of  a  boron  nitride-filled  non-charring  resin-prepregged  Astroquartz  roving  for 
Omniweave  preform  fabrication 

2.  Infiltration  of  Astroquartz  Omnlweave  preforms  with  fine  particle-sized  boron  nitride  during 
weaving  process,  and 

3.  Combinations  of  both  these  techniques 

Cionerally,  the  BNQ  Composites  fabricated  via  these  approaches  had  either  relatively  low  fiber 
content  or  low  boron  nitride  content.  The  fiber  volume  decreased  with  increasing  boron  nitride 
content. 

The  goal  in  this  program  was  to  increase  the  fiber  volume  and  boron  nitride  content  of  these 
composites  such  that  relatively  small  amounts  of  rigidizing  matrix  would  be  required  to  reduce  final 
porosity.  This  would  allow  the  boron  nitride  "lubrication"  characteristic  to  have  greater  influence 
on  the  toughness  and  elasticity  aspect  of  the  composite  properties,  while  the  strength  and  a  reason¬ 
able  value  of  initial  modulus  (100,000  psi  or  more)  would  be  assured  by  the  high  fiber  volume 
fraction. 

2.4.2  COM  POSIT  K  PROCKSSINC. 

Several  approaches  to  fabricating  the  BNQ  Composites  were  planned  and  are  shown  in  Figure  14. 
One  basic  difference  between  approaches  is  the  timing  of  the  boron  nitride  addition  in  the  composite 
fabrication  sequence.  The  first  method  adds  the  boron  nitride  before  or  during  the  silica  preform 
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fabrication  step.  The  boron  nitride  addition  techniques  at  this  static  In  the  composite  processing 
arc  the  use  of  a  boron  nitride  proproggod  Astroquartz  roving  for  weaving  and  'or  packing  the  pre¬ 
form  with  a  boron  nitride  emulsion  during  weaving,  both  of  these  approaches  are  discussed  under 
"HNQ  Preform  Fabrication"  In  Section  2.2.  :i, 

1  he  two  techniques  investigated  for  adding  boron  nitride  to  an  already  woven  silica  preform 
are  infiltration  with  particulate  boron  nitride  and  chemical  vapor  deposition  (CVD).  The  following 
procedure  was  used  to  infiltrate  woven  preforms  with  particulate  boron  nitride. 

2.  4.  2.1  Autoclave  Infiltration  of  Particulate  UN 

Two  emulsions  of  20  percent  by  weight  boron  nitride  in  distilled  water  were  used  for  the 
infiltrations.  One  emulsion  used  0.5  micron  boron  nitride  powder  and  the  other  used  a  -325  mesh 
(44  microns)  powder.  This  w  as  done  to  check  on  any  difference  in  degree  of  penetration  between 
these  particle  sizes.  Sections  of  the  427  flngerweave  preforms,  about  3  inches  long,  were  im¬ 
mersed  in  the  boron  nitride  emulsion  and  the  container  then  placed  in  an  autoclave.  The  autoclave 
chamber  was  evacuated  to  28"  llg  for  5  minutes,  then  backfilled  with  N0  and  1000  psi  applied  for 
.10  minutes.  The  pressure  was  released  and  the  parts  were  removed  from  the  emulsion  container 
and  oven-dried  at  200°F  for  10  hours.  No  discernable  difference  in  weight  pickup  or  degree  of 
penetration  was  evident  between  the  0.5  micron  and  -44  micron  boron  nitride  particle  emulsions. 

I  he  amount  of  boron  nitride  added  to  the  tingerweave  preforms  via  this  procedure  ranged  from  5  to 
10  percent  by  weight  and  seems  to  be  a  function  of  the  original  preform  density  anil  boron  nitride 
content.  Those  fingerweaves  with  a  high  fiber  volume  or  a  high  boron  nitride  content  (added  during 
weaving)  had  the  lower  boron  nitride  weight  pickups  during  |x>st-wenve  infiltration. 

2.4.  2,2  Chemical  Vapor  Deposition  of  BN 

Another  method  for  introducing  the  boron  nitride  into  a  silicn  fiber  preform  is  chemical  vapor 
deposition.  Unfortunately,  delays  in  receiving  the  boron  nitride  precursor  material  required  for 
the  intended  process  prevented  any  experiments  along  tills  approach. 

This  approach  takes  advantage  of  a  temperature  gradient  that  exists  through  the  thickness  of 
a  specimen  placed  against  a  heated  surface.  Precursor  vapors  containing  the  elemental  components 
of  the  desired  deposit  are  passed  across  the  cooler,  outer  surface  of  the  preform.  The  portion 
that  diffuses  into  the  weave  decomposes  at  the  inner,  heated  surface,  gradually  filling  the  voids 
against  the  heated  surface  ami  increasing  the  density.  This  improved  thermal  conductivity  and 
the  deposition  region  gradually  pass  through  the  thickness  of  the  specimen,  progressively  increas¬ 
ing  the  density  of  the  part. 

An  approach  of  this  type  was  attempted  with  a  silica  woven  structure,  Reference  2,  in  which 
boron  nitride  was  deposited  in  the  interstices  and  among  filaments  in  the  fiber  bundle  (Ref.  st. 


44 


-IZU-OJ  aim 


31 


However,  the  relatively  high  temperature  required  to  form  boron  nitride  from  D-trichloroborazole 
(H.jN^ll  (.'lgl,  i.e. ,  1100-1200”C  had  a  deleterious  effect  on  the  fiber  strength  although  the 
chemistry  was  advantageous  In  that  solid  by-products,  which  would  have  obstructed  furnace  lines 
and  prohibited  the  long  infiltration  times  required  for  high  densification,  were  not  formed. 

Recently,  however,  a  less  stable  compound,  borazene  (H3N3II  ),  has  become  available  (Ref.  !•) 
from  which  boron  nitride  can  be  formed  at  quite  low  temperatures,  e,g. ,  (>00-800  Thus,  it 
should  be  possible  to  achieve  high  infiltration  densities  without  di vitrification  damage  to  the  silica 
fibers. 

2. 4.2.3  lVnsification  Results 

Table  11  lists  the  characteristics  of  the  HN'Q  Composites  processed  up  to  the  rigidization  step. 

It  was  originally  planned  to  rigidize  the  11NQ  preforms  with  the  follow  ing  matrices: 

1.  SR350  silicone  resin, 

2.  Silica  derived  from  the  pyrolysis  of  SR350,  and 

3.  Silica  from  l.udox  colloidal  silica 

The  R Nq  preforms  with  low  fiber  volume  fractions  were  to  be  debulked  (compressed  in  the 
thickness  direction)  during  rigidization  to  increase  the  fiber  fraetion  in  the  rigidized  composite. 

At  this  point,  preliminarvvork  has  been  done  with  SR350  only.  A  series  of  BNQ  specimens  have 
been  rigidized  with  SR350  resin  under  varied  imprenation  conditions  in  an  attempt  to  arrive  at 
satisfactory  fiber,  boron  nitride  and  rigidizing  matrix  contents  in  the  densified  composite.  The 
BNQ  specimens  were  vacuum  impregnated  with  a  solution  of  SR 350  resin  in  acetone,  then  oven- 
dried  at  ItiOT'  for  10  hours  followed  bv  curing  at  100" !•'  for  2  hours.  Specimens  that  were  debulked 
were  compressed  to  the  desired  final  thickness  with  the  sides  constrained  during  the  400  K  cure. 
Table  12  lists  the  characteristics  of  these  SR350  rigidized  BNt}  specimens.  Specimen  427-11-1 , 
w  hile  having  a  slightly  low  fiber  fraction,  has  a  good  ratio  of  fiber/BN  'matrix  contents. 
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M  \IU  SAMI’lINt.  \NlHVI\S\l  ltRl/  \llOM’l  \N 

This  section  contains  the  description  of  all  |x  rformaneo  property  testing  of  nuiltidi rection- 
al  reinforced  composites  developed  on  this  program.  I’ro|>ortii's  of  constituents  —  fiber 
strength  and  chemical  purity,  thermal  stability  of  fiber  coatings,  etc.  —  arc  contained  in  Sec 
tion  -  along  with  descriptions  of  the  composite  formulation  and  fabrication. 

The  section  begins  with  detailed  API  1 1 Hi  plate  layout  plans,  showing  the  selection  of  n  -a 
samples  from  the  densified  plates,  their  configuration  and  dimensions ,  and  recording  the  iden¬ 
tification  labelling.  This  very  careful  recording  of  specimen  origin  has  proven  its  value  in 
previous  programs  for  such  purposes  as  interpretation  of  test  anomalies  and  verification  of 
specimen  orientation.  It  also  serves  as  a  convenient  graphic  material  dis|H>sition  accounting 
device. 


Figures  la  through  111  contain  the  layout  plans. 

Figure  la  shows  the  layout  plan  for  standard  API  —  4Dt>  plate  -I1S-2.  Two  2.00  inch  diameter 
discs  were  supplied  from  this  plate  (and  fine  weave  standard  process  (date  -PI -4-111  to  AMMKC  for 
hot  radar  transmission  tests  in  the  CNKS  1000  k\V  Solar  Furnace,  Odeillc,  France.  These 
discs  were  of  course  completely  processed  through  silane  water  desensitization.  The  drawing 
shows  those  two  discs  and  two  flexure  bars  in  the  standard  configuration  used  in  this  scries  of 
programs  to  In-  cut  with  a  0/ S  inch  clearance  from  the  top  selvage  stitches. 

Below  this  are  discs  for  various  dielectric  property  measurements,  coiled  as  follows: 


Code 

KMX-Ill 

KMM-M  (l.Otr  Ilia.  1 
FMM-M  (1  Ilia.  1 
KMX-llF 
KM  1 


Measurement 
X-band,  MIT 
00  till/.  MIT 
24  ('.Hz,  MIT 
X-band,  lOF-UFSP 
1  -bind.  liK-l{KS|i 


A  large  number  of  particle  impact  test  (PU  specimens  are  indicated  in  two  sizes,  the  1.2a" 
x  0.75"  x  0.40"  plates  are  for  l  2  and  t  uuw  \0.02  and  0.04  inchest  diameter  particle  tests. 

The  detailed  layout  for  plate  420-5  (Figure  10>  also  shows  1 .5"  x  2.0"  x  1 .0"  thick  I’l  specimens 
designated  for  5  MM  (0.02  inches)  diameter  particle  impact. 

Figure  24  shows  the  master  sampling  plan  for  timniweave  preform  120 .  It  is  followed  by 
the  detailed  densified  plate  layout  plans  for  plates  420-  1  through  420-0.  With  the  exception  of 
420-0,  all  of  these  are  process  variation  plates  and  show  the  flexure  bar  sampling  used,  with 
provision  for  later  specification  of  other  test  specimen  types,  or  material  for  further  process 
variation  studies. 


1  h* ■  layouts  for  fine  weave  plates  424-1  and  424-2  are  shown  in  Figures  23  and  24.  Spall 
test  specimens  (US/FP)  were  taken  from  these  plates  for  the  flyer  plate  testing  at  KTI,  intended 
to  compare  the  shock  resistance  of  this  weave  variation,  processed  by  the  standard  process, 
to  the  standard  weave  and  process  ADI.-4D6. 

Uniaxial  loading  tension  ("T-l")  and  compression  ("C-l")  specimens  are  also  designated 
for  plate  424-1. 

The  following  sections  describe  the  performance  property  measurements.  "Mechanical 
Properties”  are  given  first,  in  Section  3.2.  These  are  followed  by  "Ultrasonic  Measurements” 
(Section  3.3),  "Shock  Testing”  (Section  3.4),  including  both  plate  and  particle  impact  testing. 

1  he  characterization  section  concludes  with  the  results  of  "Electromagnetic  Property  Testing" 
(Section  3.5)  done  at  the  Laboratory  for  Insulation  Research  (L1R)  of  Massachussetts  Institute 
of  Technology. 
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Figure  24.  Sampling  Plan:  ADL-4D6  Plate  424-2 


3.2  ADL-4D6  MECHANICAL  CHAHACTEKIZA 1  ION 

3.2.1  ADL-4D6  DENSIFICATION  PROCESS  SCREENING:  FLEXURAL  MEASUREMENTS 

3.2. 1.1  Review  of  Test  Technique 

For  the  purpose  of  providing  a  basis  for  evaluation  of  the  effects  of  process  variations  on 
ADL-4D6,  flexure  tests  were  selected  as  the  primary  screening  physical  measurement.  With 
this  method  of  test,  alignment,  configuration  and  material  quantity  problems  are  eliminated 

and  the  data  can  be  easily  reduced  and  compared,  providing  all  samples  are  tested  under  simi¬ 
lar  conditions. 

A  standard  flexure  specimen  configuration  (Ref.  10)  was  utilized  in  the  tests  on  ADL-4D6. 
This  same  specimen  was  originally  utilized  in  previous  Advanced  Hardened  Antenna  Window 
Materials  Studies  (Ref.  1).  While  being  somewhat  small  (1.5”  x  0.5”  x  0.4”),  this  specimen 
configuration  offers  such  advantages  as:  material  conservation,  reproducible  test  data  and  ease 
of  handling.  This  specimen  was  tested  in  three-point  flexure  with  a  span  length  of  1.44”.  One 
strain  gage  was  mounted  on  the  tensile  face  of  the  specimen  to  measure  strain  at  room  temp¬ 
erature.  Details  of  the  application  of  the  gage  are  shown  in  Figure  25. 


GAGE  AREA  «  0.250"  x  0.125" 
TVPE  EA06250BG  120 
M  BOND  200  ADHESIVE 


STRAIN  GAGE  GRID  AREA 


Figure  25.  Details  of  Flexure  Bar  Strain  Gage  Application 

For  the  purpose  of  screening,  linear  elastic  calculations  are  utilized  in  the  reduction  of 
all  the  data.  Although  inadequate  for  design  usage,  due  to  the  large  degree  of  plasticity  evident 
at  failure  levels,  the  results  are  sufficient  for  relative  comparisons.  * 


♦The  correspondence  of  these  flexural  and  uniaxial  loading  tensile  test  measurements  is  dis 
cussed  in  detail  in  Section  4.6. 


Tho  Modulus  of  Hupturo  (MOH)  is  calculated  by  the  following  formula: 


M.O.  It. 


P  Load  (pounds) 

L  Span  Length  (inches) 

W  W  idth  (inches) 

T  Thickness  (inches) 

Some  concern  has  been  expressed  over  the  possibility  of  a  high  transverse  shear  loading 
due  to  this  geometry  of  test.  The  following  formula  may  be  utilized  for  a  calculation  of  max¬ 
imum  transverse  shear: 

3P 

Shear  Stress  =  (: 


w he  re : 


load  (pounds) 


W  =  Width  (inches) 

T  Thickness  (inches) 

Calculating  the  ratio  of  maximum  transverse  shear  to  modulus  of  rupture  yields  tho 


following: 


Shear  Stress  M.O.  It. 


v  he  re : 


T  0.40  inches 
L  1.44  inches 


The  amount  of  transverse  shear  which  the  specimen  experiences  is  relatively  minor  and 
it  is  therefore  felt  that  the  specimen  design  is  a  valid  one. 

Plastic  moduli  are  determined  from  the  linear  initial  portion  if  the  stress-strain  curve. 
The  modulus  of  rupture  formula  for  the  stress  at  the  tension  surface  is  utilized  in  unison  with 
tlu-  strain  gage  data  to  calculate  elastic  modulus  at  room  temperature. 

The  strain  to  failure  measurement  was  unobtainable  for  the  majority  of  specimens  due  to 
the  large  degree  of  plastic  deformation  that  occurs,  in  order  to  obtain  a  meaningful  initial 
modulus  the  strain  scale  had  to  bo  calibrated  in  a  relatively  high  sensitivity  range.  It  has  boon 
found  that  in  this  high  range  the  transducer-amplifier  becomes  saturated  during  the  large 
degree  of  plastic  deformation  and  thus  renders  itself  useless  from  that  point  on  to  failure. 


T 


ACID  pM 


This  occurrence  is  denoted  in  the  tables  as  a  (  >),  "greater  than”  symbol,  in  the  strain-to- 
failurc  eolunm.  tin  the  stress-strain  curves,  the  strain  gage  failure  is  denoted  as  a  discon¬ 
tinuity  in  strain  increase  while  the  stress  increases  to  failure  level. 

In  addition  to  the  mechanical  property  measurements  of  M.O.ll. ,  strain-to-failure  and 
elastic  modulus,  some  additional  physical  measurements  were  also  made  on  each  specimen. 
Individual  specimen  densities  were  measured  to  gain  some  insight  on  how  the  bulk  density  of 
the  panel  was  distributed  and  to  check  for  possible  correlations  with  the  mechanical  properties. 

As  with  all  fibrous  composites,  the  reinforcement  angle  is  a  major  consideration.  For 
each  specimen  the  surface  fiber  pitch  angle  (SFPA1  and  the  surface  through  the  thickness  angle 
(STTA )  were  measured  in  detail.  The  measurements  obtained  are  the  average  of  two  indepen¬ 
dent  measurements  taken  in  the  respective  directions.  Fach  of  these  independent  measurements 
in  themselves  consisted  of  a  series  of  measurements  taken  across  the  specimen. 

tine  other  measurement  made  on  each  of  the  post-tested  specimens  was  the  approximate 
fracture  displacement  from  the  point  of  applied  load,  nominally  the  geometric  center  of  the  bar. 
It  was  noted  that  on  the  majority  of  specimens,  the  fracture  on  the  tensile  surface  was  located 
at  least  0. 1  inch  away  from  the  applied  load.  The  fact  that  this  displacement  corresponds  to 
the  1/S  inch  cell  size  of  standard  weave  ADL-4DH  may  provide  some  insight  on  the  micro- 
mechanieal  shear  transfer  characteristics  of  the  material. 

lloth  pre-test  and  post-test  visual  examinations  of  the  specimens  were  made  and  any 
anomalies  noted.  The  nature  of  the  fracture  surfaces  was  also  noted. 

It.  17.1.2  Kxperimental  Results 

2. 1 . 2. 1  AIM  —  IDti  Standard  Weave  Standard  Process 

Three  plates  of  A  PI.— I  P<i  standard  weave  and  standard  process  were  characterized  during 
this  program. 

Plate  418-2.  which  was  densified  for  the  purpose  of  producing  standard  process  API  -IPO 
material  for  solar  furnace,  particle  impact,  and  mm  wave  dielectric  tests,  was  sampled  for 
six  flexure  bars  as  a  cheek  on  plate  quality.  The  results  of  the  flexure  tests  are  given  in  Table 
1.1. 

The  flexure  bar  samples  from  plate  418-2  were  somewhat  below  the  nominal  API.—  IPO 
density  of  l.tl  g/cm3.  The  mean  M.O.  H.  of  0.  15  ksi  is  within  one  estimated  standard  deviation 
of  the  (t.til  ksi  mean  M.O.ll.  reported  in  Reference  1  (p.  971.  The  strains-to-failure  average 
above  1.0  percent;  also  typical  of  the  standard  material. 

plate  418-2  can  accordingly  be  considered  to  have  the  nominal  macroscopic  mechanical 
strength  of  the  API.-4P0  material  whose  characterization  was  reported  in  Reference  1. 


TABU.  1 3  STANDARD  ADL-4D6  FLEXURE  7  ESTS 
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As  with  the  M.O.  R.  da, a  of  Reference  1,  thoro  i,  no  a 


spec  inn- n  density. 


ipparcnt  correlation  of  strength  w  ith 


The  moan  elastic  modulus  as  measured  in  this  standard  flexure  tost  is  1 .  ;)S  Msi  as  rom 
parod  to  1.10  Msi  for  tho  matorial  of  Koforonoo  1. 

Plato  423-3,  whioh  was  proiiucod  for  tho  purposo  of  supplying  partiolo  impact  orosion  test 
specimens,  noro  also  sampled  for  four  flexure  liars  to  chock  on  plate  quality.  The  >  mills  of 
those  flexure  tests  are  given  in  Table  13. 

Again,  two  out  of  four  of  those  specimens  have  unusually  low  densities,  1.54  g/enr*.  The 
resulting  mean  M.O.  11.  of  VSTiO  psi  is,  however,  well  above  the  0,010  mean  of  the  standard 
material  in  Reference  1.  The  elastic  moduli  are  even  higher  than  measured  for  standard  plate 
41S-2,  while  the  measured  strains  are  equivalent  to  standard  material  values. 

I'he  measured  values  of  surface  fiber  pitch  and  through  thickness  angles  suggest  that  this 
change  in  strength  and  elastic  values  is  attributable  to  somewhat  shallower  weave  angles  in 
this  material.  This  effect  must  be  taken  into  account  in  evaluating  both  these  mechanical  test 
results  and  the  particle  impact  erosion  tests  on  this  plate. 

Specimen  TP-3,  which  is  a  single  quality  control  type,  densified  for  comparison  to  process 
variation  specimens  FP-1  and  TP-3,  had  one  of  the  highest  densities,  1.07  gem'*,  The  result¬ 
ing  M.  O.  R.  of  7950  psi.  like  that  of  plate  423-3,  is  also  well  above  the  0010  psi  mean  of  the 
standard  material  in  Reference  1.  The  elastic  modulus  for  this  specimen  was  oven  higher 
than  the  mean  value  of  plate  423-3,  while  the  measured  strains  are  about  equivalent.  The 
individual  stress-strain  curves  for  each  specimen  of  each  of  the  three  plates  are  in  Figures 
20  through  23. 

3. 2. 1.2. 2  Tloxural  Screening  Tests:  API -400  Process  Variation  Studies 
A.  Background,  Criteria  for  Screening 

Seven  densifieation  process  variations  of  standard  weave  API. -4  00  were  screened  by  three- 
point  flexure  testing  at  room  temperature*  to  evaluate  the  effect  of  the  process  changes  on  the 
composite  mechanical  properties.  The  primary  goal  of  this  API  -4P0  process  variation  study 
has  been  improvement  of  tensile  strength  to  near  theoretical  levels.  Tor  some  mieromeehanieal 
models  of  A  PI. -4  00,  based  on  a  composite  failure  criterion  involving  silica  filament  tensile 
failure,  this  has  been  estimated  to  be  as  high  as  30, 000  to  40,  000  psi  and  flexural  tests  on 
early  AP1.-4P0  material  in  fact  showed  M.O.  11.  values  on  this  level  (Ref.  21.  Other  models, 
based  on  more  reoenth  formulated  failure  mechanisms,  have  settled  on  a  value  near  10,000  psi 
(see  Section  4.  "Composite  Mieromeehanieal  Analysis",  of  this  report!.  It  is  obvious  from  pro 
vious  work  that  the  basic  40  silica-silica  composite  system  can  exhibit  a  w  ide  range  of  mechanical 
behavior,  depending  on  preform  wea  e  density  and  geometry,  and  the  nature  of  the  inorganic 

♦The  mechanical  properties  discussion  of  this  section,  in  all  eases,  refers  to  room  tempera¬ 
ture  properties. 
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I  -  ifiurr  ’N  Tlrxtiitil  Strrv.  Strain.  VIM  4l>ti  IT  I.  Standard  I’torex'. 

tin. i  matrix  .uni  Ms  inter.  lion  with  the  filtrons  preform  array.  Most  notably,  tlu1  mechanical 
screening  work  of  Koforonoc  1  ||i;tp'.t  till  V!l)  showed  tin-  strong  effect  of  I  ho  stlanu  coupler  slop 
on  floMiro  fist  rt  'sit  1 1  s  tttnl  Soot  ion  I . of  (his  report  shows  (ho  olfoot  on  uniaxial  loading  lost 
result 

A  now  goal  ol  It*. 000  psi,  vorifioil  by  uniaxial  loading  tools,  has  hooti  sot  lot-  I  ho  lonsilo 
strength  of  an  ftuprovotl  process  version  of  API  IPO.  This  lovol  is  ahoul  twice  flint  of  oott 
voitlional  anloiuia  w  tin  low  materials  tttnl  it;  oompitrtihlo  to  tho  effective  lonsilo  strengths  of  many 
out  rout  healshiolil  materials. 

Itt  tttltlil ii'tt  to  lonsilo  strength  as  a  primary  st  rnetural  properly  goal.  st  rain-to-failuro 
am  I  olastio  moduli  must  lie  considered. 

Tho  strain  lo  failure  of  standard  API,  IPO  has  In-on  measured  in  flexural  lest  to  he  Itt 
oxet'ss  of  1 . 0  poroont.  Its  measurement  lo  failure  in  this  test  is  limited  by  the  strain  men 
snremeut  capability  of  the  available  bonded  strain  gages.  *  This  extremely  high  ductility  Is  an 
unoomprotitised,  desirable  properly  lor  the  material  in  any  forsoeahle  application.  Previous 
process  studies  had  already  demons! rated  that  it  could  hi'  grossly  altered;  e.  g.  ,  the  two  M.O.  K 
s|toelntons  given  a  final  "Mat  Kite  cycle"  (Kef.  1.  Table  l!M  had  failure  strains  in  the  range  of 
0.  IS  to  0.  ft 7  poroont. 

*1  ttiaxial  tensile  strain  measurements  by  clip  on  exlonsomotors  on  simulat'd  API  -IPO  spool 
mens  showed  O.O.'I  to  t'.S  strain  to  failure,  despite  the  test  ipocitncn  problems  in  Koforonoo 
I  t  Table  f’  l.  p.  Sft,  "Plate  -I  ISM"). 


A  further  improvement  iu  the  strain  capability  of  the  material  would  Hu  n  !«■  weli-ome  from 
a  structural  viewpoint,  it  the  accomiiaiiyitig  change-  in  the  strength  and  elastic  mexlulu-iii  did 
not  signific  antly  offset  such  strain  cai-ability  improvement.  Pot  shook  hardened  applications 
including  particle  im|uot,  the'  mleromeehanical  implieatic<ns  of  sue  h  strain  e-a|iuhilti\  might  Is- 
even  more  henefieial  to  overall  window  systems  ivrformaneo. 

1  he  standai  d,  cu  tia  s  e  I  me  AIM.  -IPn  has  a  room  temperature  flexural  mexlutus  c't  1.10 
million  psi,  with  a  standard  deviation  in  the  experimental  data  ol  0.  17  Msi.  Feir  eomentioual 
si/e  antenna  windows  in  the  usual  stress  isolated  installation,  a  much  larger  or  a  somewhat 
smaller  modulus  would  lie  acceptable;  but  for  use  as  a  radome  with  load  hearing  rcciuiromonts, 
the  various  elastic  moduli  must  fall  into  a  narrower  range. 

I  bis  set  of  screening  fle  xural  measurements  is  intended  then  to  examine  the  effects  of  the 
process  variations  on  these  three-  structural  parameters,  to  infer  the  value  of  (he-  material 
variations  for  other  performance  properties  and  to  suggest  ini  her  variations. 

The  results  are  grou|ied  in  the  following  text  according  to  the  format  suggested  by  Figure 
!)  and  Section  2. IS. 2  ol  this  re-port.  The-  individual  process  variations  are  eoni|mred  to  each 
othe-r,  most  appropriately  within  the  process  variation  greuips,  and  lev  the  standard  A I  >  t  Ilk! 
material,  for  which  the-  three-  pertinent  flexural  test  properties  are  tabulated  Ik- low  for  use  as 
a  baseline: 

Standard  IVvintion 

Mean  Of  Data 

M.O.  U.  litilO  psi  75a  psi 

strain-to-failure  1.0',  — 

flexural  modulus  1,10  Msi  0.17  Msi 

Note  that  tile-  tre-e  diagram  ol  Figure-  0  serves  as  a  convctiie-nt  comparison  de-vice  for  pveve-ss 
variation  type  and  mechanical  le-si  results. 

It.  F\|H-rinu-ntal  lie-suits 

Pretorm  lle-at  Ole-antug  \'ai*iations:  Two  pane-1  s  we-re-  preve-sse-ei  unde-r  (1ns  variaiievn.  Pane-1 

1  was  processed  without  the-  initial  (e-flon  removal  step  and  pane-1  17. 'I  0  with  a  higher  (1>50*V) 
firing  temperature.  The-  purpose-  for  -1113-1  was  to  determine  the-  effect  of  the  teflon  blockage  on 
the  colloidal  silie-a  infiltration  during  (lie-  first  two  infiltration  drying  cycle's  before  the-  sintering 
step.  For  -123- tl  a  more  thorough  fihev  e-leaning  pre-eeded  the-  silane  coupler  aiul  colloidal  silica 
intilt  ration.  The-  two  processes  are  thus  se-e-n  as  oppose-d  depai  ture-s  (Venn  the  stanelard  !>50°F 
(510°C)  cleaning  p rex- ess  (Figure  81. 

The  flexural  test  results  (Table  I  I)  show  a  leave-reel  modulus  ed'  rupture-  strength  In  !x>th 
eases,  5I>40  psi  for  -123-1  anet  11  lit  for  -123  li.  the  lowest  M.O.  li.  for  any  of  the-  seven  variations. 
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l  ABLE  14.  Al)L-4Dt>  ELEXURAL  TESTS,  PREFORM  HEAT  CLEANING  V  ARIATION 
PROCESS  STUDIES 


Thickness 

Dens i tv 
(g/cm3) 

M.O. R. 

Modulus 

(Inches) 

IHsJJl 

Plate  423-1 

(Teflon  removal  deleted) 

FA- 5* 

0.401 

1.60 

6.09 

1.26 

FA-b 

0.401 

1.58 

5.75 

1.11 

FA- 7 

0.401 

1.57 

4.67 

1.31 

FA-B 

0.401 

1.60 

6.07 

1.26 

Plate  Mean: 

0.401 

1.59 

5.64 

1.23 

Plate  S.O. : 

-- 

0.01 

0.67 

0.09 

(Mate  423-6 

(650°C  Heat 

Clean) 

FA-1* 

0.374 

1.59 

3.99 

1.25 

FA-2 

0.375 

1.54 

4.  13 

1 . 16 

FA-3 

0.375 

1.57 

4.01 

1.41 

FA- 4 

0.376 

1.53 

4.35 

1.24 

FA-5 

0.375 

1.57 

3.62 

1 . 10 

FA-6 

0.374 

1.54 

4.59 

1.48 

Plate  Mean: 

1.56 

4.11 

1.27 

Plate  S.O.  : 

0. 02 

0.33 

0.  14 

Strain-To- 

Approx Ima te 

Fai lure 

Average 

Average 

Fai lure 

Displacement 

SFPA 

STTA 

_1D_ 

_  (Inches) 

(Degreesj 

(Degrees) 

>  1.44 

0.30 

45 

26 

>1.43 

0.30 

30 

23 

>1.45 

0.35 

45 

2b 

>1.43 

0.15 

34 

24 

>1.44 

0.27 

38 

24 

>1 

.42 

0.30 

41 

30 

>  1 

.43 

0.30 

42 

28 

>  1. 

.39 

0.40 

41 

34 

>  1. 

,40 

0.30 

41 

28 

>  1. 

38 

0.50 

42 

30 

>1 

.40 

0.26 

42 

30 

>  1 . 

40 

0.32 

41.5 

30 

0.  11 

0.5 

"Uleal"  fracture  surfaces,  fiber  bundles  pulled  out  and  very  fluffy. 
Fiber  bundles  pulled  out.  Bundles  are  very  fluffy. 


Tin-  strains-to-failure,  however,  were  quite  high,  m  excess  of  1.4  percent  in  all  cases,  as 
compared  to  the  standard  minimum  value  ot'  1.0  percent.  The  fracture  surfaces  of  42H-1  in 
particular  were  of  the  "ideal"  composite  fracture  type  with  extensive  filler  bundle  pull-out  and 
very  fluffy  bundle  texture,  each  filament  visible. 


'his  set  of  plates  had  the  highest  strain-to-failure  of  any  investigated  in  the  series. 

The  modulus  results  were  in  each  case  within  one  estimated  standard  deviation  of  the 
standard  material. 


Stress-strain  curves  for  these  two  process  variations  are  given  in  Figures  2!i  and  30. 

Variation  of  Colloidal  Silica  Particle  Si/e:  Two  panels  were  densified  under  this  variation. 
Panel  423-2  was  densified  with  the  smaller  particle  Naleoag  2320  colloidal  silica  process  (hat 
was  developed  for  reflective  heat  shield  use  in  Reference  5.  The  single  specimen  FP-2  was 
processed  using  seven  impregnations  of  "aggregated"  low  sodium  IauIox  as  the  densifier.  Doth 
of  these  variations  had  lower  densities  than  standard,  1.51  mean  for  423-2  and  a  very  low  1.  15 
for  FP-2,  despite  its  seven  impregnations. 

Results  from  these  tests  (Table  15)  show  that  lioth  particle  si/.es  yield  the  same  M.O.  R. , 
5220  psi  and  5240  psi,  respectively,  which  is  two  estimated  standard  deviations  lower  than  the 


6010  psi  of  standard  material. 


FLEXURAL  STRESS  (K»>  FLEXURAL  STRESS  IK*I 


I  M'l.l  IS  MM  4I)M  II  \URA1  I  ISIS,  VARIATION  Ol  t'OI  1  Oil)  VI  I'ARIKII 
SI/I  I’ROCISS  smim  s 


Approximate 


Thickness 
(  l  nc  ties ) 

!Vt»S  1  I 

,y  M.O.K. 

}  0*1) 

Modulus 
(Ms  i ) 

S train -To- 
Fai  1  ure 

(U 

F  ai lure 
Displacement 
(Inc hrs) 

Average 
si  PA 

(Degrees ) 

Average 
ST  T  A 
(Degrees 

Plate 

423-2 

(Smaller  col  Ionia  1 

silica) 

1A 

-6 

0.402 

1.51 

5.00 

1.90 

0.95 

0.05 

35 

23 

FA 

-6 

0.303 

1.51 

4  65 

2 . 08 

0.63 

0.05 

30 

21 

FA- 

■  7 

0. 402 

1 .  so 

5.51 

1 

1.13 

0.05 

36 

23 

FA 

■8 

0.302 

1 . 54 

5.71 

2.06 

0.67 

"  0.15 

33 

24 

Plate 

Mean . 

Q.  352 

1.51 

5.22 

1.97 

0.85 

0.07 

33 

24 

Plat  e 

S.D.. 

0.02 

0.48 

0.  11 

0.24 

P 1  a  te 

FP-7  ( 

"Aggregated" 

colloidal  silica) 

FP- 

0.405 

1.45 

5 . 24 

0.8  0 

0.94 

0.15 

34.5 

38.3 

The  significant  difference  between  variations,  however,  is  in  the  modulus.  Panel  423-2 
had  a  mean  modulus  of  1.97  Mai  as  compared  to  0.80  Msi  for  FP-2. 

Tin-  strain-to- failure  also  is  significant  in  lhai  the  smaller  particles  in  423-2  markedly 
reduced  the  failure  strain  to  a  mean  value  of  0.88','-.  Note  that  the  bonded  foil  strain  gages 
did  not  fail  in  the  423-2  series. 

The  stress-strain  curves  for  these  tests  are  in  Figures  31  and  32. 

Heat  Treatment  Variations:  Two  panels  wore  processed  having  variations  in  heat  treatment  to 
contrast  with  the  standard  (>.r>0°e  firing  temperature.  l>anol  423-4  was  densified  at  a  temper¬ 
ature  of  TaO'V  and  panel  123-8  was  densified  at  88()‘V. 

The  r»:>o‘  (’  (low)  firing  temperature  variation  of  plate  423-8  shows  a  mean  M.  o.  K.  of  8020 
psi  (Table  10)  as  compared  to  0010  psi  for  the  standard  AIM, -400  material. 

As  anticipated,  the  mean  strain  to  failure  increased  to  1 ,20  percent  (minimum),  compared 
to  1.0  percent  (minimum)  for  standard  process  material.  I'he  stress-strain  curves  (Figure  33) 
show  tlie  wiliest  range  of  yield  stresses  ol  any  ol  the  process  variations.  This  suggests  that  the 
composite  was  not  uniformly  consolidated  by  the  lower  temperature  firing  process. 
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The  modulus  data  show  tho  unex|x’eted  result  of  a  slightly  hlglior  moan  value  of  1.30  Msi, 
1.5  estimated  standard  deviations  above'  the  standard  mean  of  1.10  Msi. 

The  750°C  high  firing  tcmfx'rature  variation  of  plate'  •It1;)— 1  eonfirnied  the  exacted  effee't 
ott  modulus.  It  inereaseel  to  a  mean  value  of  1.07  Msi  (Table  10)  with  a  sharp  drop  in  mean 
strain-to-fatluro  to  0.  SI  percent  —  to  the  extent  that  the  foil  strain  gtiges  were  tilde'  let  follow 
the'  strain-to-ultimato-failuro  of  the  flexure  bar  tensile  surfaces  in  till  hut  one  of  the  six  tests. 
The  fracture  surfaces  were  very  obviously  more  brittle-like  than  the  standard  material. 

Figure  ;M  shows  the  very  close  grouping  of  the  stress-strain  curves,  in  contrast  to  the  ease  for 
the  material  fired  tit  the  lower  temperature. 

The  mean  M.O.  H.  was  reduced  to  1.59  ksi.  A  sintering  temperature  as  high  as  750°C  is 
very  definitely  then  not  the  way  to  proceed  for  improved  strength  and  certainly  not  improved 
fracture  resistance  of  this  material. 

Acid-Stabilized  Colloidal  Silica:  A  single  flexure  bar-sized  specimen  FP-1  was  processed 
using  six  impregnations  of  "acidified"  low  sodium  Ludox  as  the  densifier  to  determine  the  effect 
of  colloidal  suspension  pi  1  on  the  composite  flexural  strength.  Note  that  this  specimen  had  the 
highest  density  of  any  tested  in  the  series. 

The  test  results  (Table  17,  Figure  35)  show  a  strain-to-fallure  much  greater  than  1.23 
percent.  If  the  stress-strain  curve  is  extrapolated,  past  gage  failure  to  the  yield  stiess  level , 
a  strain-to-fatluro  well  above  2.0  percent  can  he  inferred. 

It  should  he  noted  that  for  this  individual  flexure  bar  specimen,  cut  from  a  "finger- weave" 
Omnlwoavo  preform,  the  measured  Sl'PA  and  STTA  are  within  two  degrees  of  15.  It  is  almost 
a  perfectly  cubic  IP  composite,  by  that  measure  at  least.  The  compounded  effect  of  increased 
density  and  ideal  weave  configuration  obviously  recommend  further  investigation. 

The  modulus  was  found  to  bo  0.80  Msi  as  compared  to  1.10  Msi  for  the  standard  material. 

Tho  value  for  M.O.  K.  was  also  low,  1,790  psi  as  compared  to  0,010  psi  for  the  standard. 

The  combination  of  the  exceptionally  high  flexure  strain  and  the  lower  initial  modulus 
(independent  of  the  non  linear  curvature  of  the  stress-strain  curve)  suggests  that  uniaxial 
loading  tensile  tests  on  this  material  may  lx'  very  worthwhile.  The  analysis  of  section  4.0, 
which  compares  flexure  and  uniaxial  loading  tests  on  these  materials,  implies  that  significantly 
higher  tensile  strengths  may  be  indicated  for  such  materials  —  if  a  suitable  uniaxial  test  can 
lx1  conducted. 

3.2. 1.3  Conclusions  from  Process  Screening  Tests 

It  can  be  concluded  then  that  this  series  of  API,— 1P0  process  variations  has  not  succeeded  in 
finding  a  process  for  reaching  the  goal  of  near  theoretical  tensile  strength  materials,  i.e.  , 
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TABU  17  ADL-4D6  FLEXURAL  TliSTS,  ACID  PROCESS  VARIATION  STUDIES 


Thickness  Density  r  \R.  Modulus 

(Inches)  (g/cm3)  (ksi )  (Msi ) 


St»'d1n-To- 


Fa i lure 


Approximate 
Failure 
Displacement 
(Inc  hes ) 


Average 

SFPA 

(Decrees ) 


Average 

STTA 

(Degrees ) 


FP-1  0.402 


1.64  4.79 


>1.23  0.00 


44.5  46.7 


10,000  psi.  Certain  process  variations  seem  ruled  out,  such  as  the  750°C  sintering  tempera- 
turo,  for  any  purposes.  However,  means  of  significantly  tailoring  the  strain-to-failure  and 
modulus  have  been  found,  and  these  parameters  may  have  their  own  pronounced  effect  on  other 
ADI,— 41M>  composite  performance  properties  such  as  particle  erosion  resistance  and  spall 
thresholds. 

Since  only  a  minor  portion  of  most  of  these  process  plates  has  been  consumed  bv  the  flexure 
tests,  sufficient  material  remains  to  do  additional  superimposed  process  variations  or  testing. 

Further  analysis  of  this  data,  in  particular  the  stress-strain  curves,  may  also  suggest  uni¬ 
axial  loading  tensile  tests  on  some  of  these  material  variations.  Acquisition  of  this  data  is  con¬ 
tingent  on  successful  development  of  n  tensile  specimen  design  for  a  4-D  silica-silica  composite. 
Section  3.2.2  shows  progress  in  this  direction  for  the  fine  weave  ADl.-lDG  material  variation. 
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found  that  in  this  high  range  the  transducer-amplifier  becomes  saturated  during  the  large 
degree  of  plastic  deformation  and  thus  renders  itself  useless  from  that  point  on  to  failure. 
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11.2.2  FINK  WKAVK  API.  4P0 
3. 2. 2.1  Flexural  Tests 


The  flexural  tests  of  the  two  fine  weave  API.— UK!  plates  were  conducted  utilizing  the  same 
specimen  geometry  and  data  analysis  techniques  described  in  Section  3.2. 1. 1. 

Iloth  plates  424-1  and  424-2  were  densified  by  the  standard  process.  Plate  424-1  was 
sampled  for  four  flexure  specimens  and  plate  424-2  for  seven.  The  data  from  these  tests  are 
given  in  Table  18.  Plate  424-1  was  found  to  have  significantly  higher  mean  M .  O.  11.  than  that 
recorded  for  the  standard  weave  and  process  APl.-4Pt!  in  the  data  of  lie  fere  nee  1,  page  37;  that 
being  7820  psi  as  compared  to  OHIO  psi.  The  strains-to-failure  are  also  exceptionally  high, 
tin'  minimum  recorded  value  running  well  above  1.2(1  percent.  The  results  for  plate  424-2, 
however,  were  quite  different.  The  mean  M.0. 11.  value  was  3740  ps>,  almost  half  that  of 
plate  424-1,  The  strains-to-failure  however  were  almost  the  same.  The  measured  values  of 
surface  angles  suggest  that  this  change  in  strength  is  attributable  to  some  extent  to  the  higher 
weave  angles  in  this  plate,  which  were  caused  by  compaction  of  the  woven  preform  to  get  higher 
through  thickness  angles  (Section  2.2.1).  This  should  be  considered  in  evaluating  the  test 
results. 

The  individual  specimen  stress-strain  curves  can  be  found  in  Figures  30  and  37. 


TABU;  IS  MM  WEAVE  ADL-4D6  THREE-POINT  FLEXURE  TESTS 


0  2  0  4  0.6  0  8  1  1.2  1.4 

STRAIN  t\> 

figure  47.  Flexural  Stress-Strain.  ADL-4D6  Panel  424-2  Fine  Weave.  Standard  Proc 
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♦The  mechanical  properties  discussion  of  this  section,  in  all  cases,  rele.s  to  non. 
tune  properties. 


I  11 1 1 J’v  I 
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:i .2.2.2  lV.i-tvt.il  loading  l'ests 

The  uniaxial  tests  had  as  their  immediate  purpose  the  resolution  of  the  square  versus  round 
ha r  anomalies  reported  in  deference  1  (pp.  88-92,  177-180),  and  ultimately,  the  acquisition  of 
uniaxial  tensile  data.  The  hypothesis  here  is  that  if  "ineffective  fiber  bundle  length"  effects  do 
dominate  the  observed  positive  correlation  of  ADL-4P8  square  tensile  bar  strength  with  thick¬ 
ness,  then  similar  tests  on  fine  weave  AIM. -  IPO  will  show  further  increases  in  tensile  strength 
due  to  the  fitter  diameter  fiber  bundles  and  the  greater  number  of  fiber  bundle  cross-overs. 

The  specimen  configurations  machined  from  plate  42-1-1  arc  shown  in  l-'igurc  08  and  39. 

The  tensile  bar  employs  a  0.40  inch  thickness,  in  accordance  with  the  thickest  standard  weave 
specimen  of  deference  1. 

The  strains  were  measured  with  clip-on  type  extensometers  which  can  follow  the  specimen 
elongation  to  failure,  in  contrast  to  the  1. 0-1.5  percent  upper  limitation  of  bonded-on  resistance 
foil  typos. 

the  compression  specimen  used  is  a  solid  cylinder  as  compared  to  the  0.4'  \  0.4"  x  0.45" 
specimens  previously  used.  Ponded  foil  resistance  strain  gages  were  used. 

The  results  obtained  from  the  tensile  test  (Table  19)  appear  to  support  the  "ineffective  fiber 
bundle  length"  hypothesis.  The  mean  tensile  strength  derived  in  the  first  set  of  measurements 
from  plate  424-1  is  4880  psi  as  compared  to  the  3500  psi  value  from  a  standard  weave  AD  1.-4 D6 
standard  process  series  of  tests  run  on  the  same  0.40  inch  thickness  of  specimen  (lief.  1,  p.  89). 

However,  all  three  specimens  failed  in  the  fillet  regions.  This  type  of  failure  is  usually 
the  result  of  an  inadequate  specimen  design  for  the  material,  causing  stress  concentrations. 

Thus  the  tensile  strengths  reported  in  this  series  are  conservatively  low. 

The  measured  strains  are  for  file  central  gage  section  of  the  specimens,  which  did  not  fail; 
therefore,  thev  are  not  actually  strains-to- failure.  The  mean  value  of  0.40  percent  is  about 
half  what  one  would  expect  from  the  0.40  inch  thick  tensile  data  of  deference  1  (p.  89,  plate 
415B)  and  less  than  one-third  that  suggested  from  the  M.O.  li.  data  of  the  previous  section. 

To  further  investigate  the  effect  of  specimen  design  on  the  measured  tensile  properties, 
the  failed  specimens  were  re-machined  into  rectangular  bars  0.40  x  0.80  x  3.0  inches  long; 
i.e. .  the  one  failed  end  of  each  bar  was  removed.  These  specimens  were  then  butt -bonded 
on  end  with  FA -934  epoxy  adhesive  to  aluminum  blocks.  Doublers  of  0.030  inch  thick  glass- 
epoxy  were  also  bonded  over  all  four  faces  to  ensure  failure  in  the  ADL-4D0  gage  section 
(Figure  38).  Strains  were  again  measured  with  a  clip-on  extensometer.  The  results  from 
these  re-machined  specimens  (Figure  40  and  Table  19)  show  an  increase  in  mean  tensile 
strength  from  4880  psi  to  5143  psi.  The  strain-to-failure,  however,  decreased  from  a  mean 
of  0.  tt>  to  0.31  percent.  It  also  should  be  noted  that  all  three  specimens  failed  at  the  end  of  the 
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Figure  .10.  Circular  Compression  Specimen 
I’ABl  I  10  I  INI  Wl  AVI  \l)l  41)6  UNIAXIAL  TLNSION  AND  COM  HUSSION 


Density 

St  l  ength 

Strain 

Modulus 

mmol  424-1 

(Kin/ce) 

(ksi) _ 

C”) 

(Mai) 

Notes 

Tension 

TA-1 

1.56 

4. 70 

0.49 

1.85 

Failed  in  Fillet 

TA-2 

1.56 

4.64 

0.  29 

2. 15 

Failed  in  Fillet 

TA-3 

1 . 56 

4.61 

0.44 

1.75 

Failed  in  Fillet 

Moan 

4.68 

0.40 

1.92 

S.  D. 

0. 09 

0. 10 

0.21 

lie -Tost 

TA-1 

5.26 

0.31 

1.84 

Failed  at  Doubler 

TA-2 

5.33 

0.  30 

1.89 

Failed, at  Doubler 

TA-3 

4  83 

0.30 

1. 65 

Failed  at  Doubler  . 

Moan 

5. 14 

0.31 

1.80 

S.  1). 

0.  27 

,  0.  01 

0.13 

Compression 

Specimen  Sheared 

CA-1 

1.56 

3.  65 

>0.  83 

0.58 

CA-2 

1.55 

2.81 

0.  80 

1 . 96 

Fibers  Buckled 

CA-3 

1.60 

2. 85 

0.44 

3.66 

Fibers  Buckled 

Moan 

3.10 

>0. 69 

2.07 

S.  I). 

0.47 

— 

1.54 
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SI  IIAIN  l\l 

I  ifiino  10  1'iiiH‘l  404  I  V vial  I  elision 

double v  plate s  fi.e.  ,  .vpivfiv  outside  the  extonsovneter  page  seeUon’I.  From  this  it  eould  he  eon 
elmte.l  that  althouph  hlplior  stronplhs  were  obtained  from  tins  type  ol  spoeimon  desipn,  some 
tensile  test  s|>eeimen  moitlfioalions  still  have  to  lie  made,  in  order  to  obtain  the  tine  strenpth 
eapabtltty  of  the  material. 

The  results  from  the  eonipression  tests  show  a  failure  strength  of  alx'Ut  half  that  of  the 
standa rd  weave  \P1  lift!  tests  run  us i up  flu'  ot he i  speeiineu  desipn  from  Uefereneo  I  pi.  1011 
IlllOO  psi  versus  0180  psi|.  Some  of  this  differenee  eould  lie  attributed  to  the  speeimen  desipn. 
howevev,  0  shouhl  he  noted  that  these  eonipression  speelniens  were  maeliiued  from  the  end  ot 
the  plate.  (See  plate  layout  diaprani,  I'ipure  1  I  he  anples  at  the  end  of  the  (dale  varied 
widely  and  lienee,  no  firm  prasp  as  to  the  aetual  anples  in  the  speetntous  was  obtained. 

All  of  the  uniaxial  lest  results  are  in  Table  10.  The  individual  spoeimon  stress  strain 
curves  are  in  Klpures  10  and  II. 

:t.  :t  Comparison  of  Intnxlal  I  oadtnp  anil  Flexural  hosts 

In  etuuparinp  the  results  of  the  uniaxial  tests  with  those  of  the  flexure  tests,  it  was  tovuvd 
that  in  tension  the  measured  slrenpth  was.  on  the  avernpe,  10  |iereenl  lovvei  bn  the  ilopbone  tvp« 
and  111  pereenl  lower  for  the  re  tested  speeiluens  than  the  M.t'.  H.  value,  for  the  same  plate  ot 
material  (1.08  and  h.  t  I  Ust  as  ev'mpared  to  .'.SO  ksil.  As  previously  stated,  the  lower  tensile 


AVG  MAX  STRESS  -  5143.  Psi 
AVG  MAX  STRAIN  -  0  31% 
AVG  INIT  MODULUS  -  1.80  M*. 


0  0.1  0.2  0.3  0.4 

STRAIN  1%) 

i'igurc  41  Re-Tested  ADL-4D6,  Axial  Tension,  Panel  424-1  Fine  Weave 

strength  is  probably  the  result  of  an  inadequate  specimen  design  for  this  material.  The  failure 
in  the  fillet  region  as  well  as  at  the  end  of  the  doublers  not  only  affects  the  strengths,  but 
the  reported  ultimate  strains  and  modulus  as  well. 

With  the  load  concentrated  in  the  fillet  the  maximum  strain  in  the  material  also  occurs  in 
the  same  area,  not  in  the  center  of  the  gage  length,  where  the  measurements  were  taken.  Con¬ 
sequently  the  reported  strains  are  lower  and  the  modulus  higher  than  what  really  exists.  The 
degree  to  which  this  pertains  can  only  be  determined  by  additional  specimen  re-design  and 
testing,  so  t hat  failure  will  occur  in  the  gage  length. 

Hespite  these  measurement  difficulties,  it  has  been  confirmed  that  the  fineweave  version 
of  llu-  standard  process  ADL-4D6  material  has  an  axial  tensile  strength  in  excess  of  5000  psi 
mean.  [I  is  also  gratifying  that  the  elastic  properties  deduced  from  three  point  flexure  testing 
ate  not  significantly  far  from  the  values  measured  in  uniaxial  loading;  e.g.  ,  1.8-1. 9  Msi  in 
Table  19  (uniaxial)  versus  1.4  Msi  in  Table  18  (flexural)  for  panel  424-1. 

This  trend  of  measured  prope  rty  improvement  is  depicted  in  Figure  ;)2.  Measured  ultimate 
tensile  strength  is  plotted  versus  test  specimen  thickness,  in  all  eases  for  rectangular  cross 
section  bars.  The  linear  dependence  of  standard  weave  A D L-4 DO  ITS  on  thickness  is  apparent, 
as  discussed  in  Reference  1  (p.  88)  and  in  Section  4.2  of  this  report.  However,  the  fineweave 
material  densffied  by  the  same  "baseline"  process  has  a  measured  strength  level  40  to  60 


80 


percent  higher,  despite  (tie  measurement  diffieulties.  Further  improvement  in  te.si  s|x-cinicn 
design  should  yield  higher  measured  strengths;  while  the  improved  confidenee  ol  uniaxial  load¬ 
ing  results  should  improve  discrimination  of  the  strength  and  elastic  effects  of  the  process 
variables  investigated  in  this  work. 

These  laboratory  mechanical  test  and  phenomenology  studies  have  been  complemented 
throughout  this  program  by  the  findings  of  the  "Composite  Micromeehanical  Analysis"  of 
Section  4.  The  combined  result  of  the  two  efforts  should  lx-  exploited  in  further  work. 


f  igure  42.  Panel  424-1  \\ial  Compression 


Ultimate  Tensile  Stress,  Standard  and  Fine  Weave 


.1  .1  IH  1RASONU  Ml  NTS 


3.3.1  INTRODUCTION 

Ultrasonic  wave  velocity  ami  attenuation  of  multidirectional  composites  are  dependent  upon 
many  taetors  such  as  unit  cell  size,  type  of  fiber  and  matrix,  fiber  angles  and  straightness, 
and  adhesion  ot  the  matrix  to  the  fibers.  Because  of  this  dependence ,  ultrasonic  measurements 
are  useful  for  checking  the  uniformity  of  the  material,  whether  within  a  plate  or  from  plate  to 
plate. 

Originally,  in  the  API,— lilt!  development  work,  measurements  were  made  at  a  frequency 
of  0.  73  i  0.  03  MHz.  At  this  frequency  the  total  attenuation  is  high  and  we  were  frequently 
pushing  the  capability  of  the  equipment  to  make  measurements.  Most  of  these  earlier  speci¬ 
mens  were  on  t tic'  order  of  1  cm  in  thickness  or  loss.  When  much  thicker  sjx'eimens  were 
made,  for  the  higher  impulse  level  testing  of  this  program,  the  added  attenuation  made  it  im¬ 
possible  to  transmit  a  meaningful  signal  through  the  specimens  at  0.73  MHz  and  it  became 
necessary  to  change  the  frequency  employed  for  measurement.  Lowering  (lie  frequency  lowers 
the  attenuation  but,  tor  these  materials,  would  not  be  expected  to  significantly  affect  the 
velocity. 

In  order  to  compare  attenuation  data,  it  is  necessary  that  the  measurements  lie  made  at 
tlw  same  frequency  since  the  attenuation  is  generally  very  frequency  dependent,  l-'or  the  thick¬ 
est  specimen  measured  (Pl-1  through  0  of  Plate  -123-3)  it  was  necessary  to  drop  the  measure¬ 
ment  frequency  to  200  kilohertz  in  order  to  get  a  usable  signal  at  the  receiving  transducer. 
However,  the  accuracy  of  both  the  velocity  and  attenuation  measurements  is  generally  better 
at  higher  frequencies.  Thus  the  thinner  specimens  were  measured  at  both  200  and  100  kilo¬ 
hertz  (the  former  for  comparison  to  the  thick  specimens).  In  a  few  cases,  attenuation  measure¬ 
ments  were  also  made  at  0.75  and  1.0  megahertz.  At  the  higher  frequencies  the  signal  was  too 
distorted  to  obtain  accurate  velocity  data  but  demonstrates  the  rapid  increase  in  attenuation  with 
frequency  inc  reuse . 

A  buffer-block  technique  was  employed,  as  was  the  ease  for  previous  measurements  (Hof. 
1).  With  this  technique,  an  initial  transit  time  and  attenuator  reading  are  obtained  for  the  sig¬ 
nal  transmitted  through  an  aluminum  buffer  block.  The  test  specimen  is  then  inserted  in  series 
with  this  block,  resulting  in  a  change  in  transit  time  through  the  s|x-eimen.  The  change  in 
attenuation  is  due  both  to  s|x'cimon  attenuation  and  to  changes  in  interface  reflection  losses. 

The  velocity  and  density  data  are  used  to  calculate  the  interface  reflection  losses  so  that  the 
attenuation  in  the  specimen  can  lx-  determined.  Velocity  is  determined  by  measuring  the  transit 
time  of  the  signal  through  the  specimen  using  the  sweep  delay  of  a  Tektronix  oscilloscope. 
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The  calibration  of  the  sweep  delay  was  checked  against  a  crystal-controlled  time  mark  gener¬ 
ator  to  assure  maximum  accuracy.  Attenuation  measurements  were  made  by  means  of  a  cali¬ 
brated  attenuator  (1  decibel  steps,  122  dB  maximum  attenuation). 

3.3.2  EXPEHIMENTA  L  RESULTS 

3. 3. 2.1  Particle  Impact  Specimens 

Ultrasonic  velocity  and  attenuation  measurements  were  made  on  particle  impact  specimens 
from  plates  423-3  and  418-2.  These  were  both  standard  process  ADL-4D6  material.  For  423-3 
the  surface  through  the  thickness  angle  (STTA)  was  low  but  for  418-2  the  STTA  was  nominal. 

The  results  of  the  measurements  are  given  in  Tables  20  and  21. 

An  initial  attempt  at  measurement  of  423-3  specimens  was  made  at  a  frequency  of  0.72  MHz 
on  specimens  PI-11  and  PI-12  before  the  final  impregnation  step  (i.e. ,  the  silane  water  desensi¬ 
tization  treatment).  The  attenuation  was  so  high  (roughly  50  dB/cm)  and  the  signal  so  badly 
distorted  that  meaningful  measurements  were  not  possible.  It  was,  therefore,  decided  to  defer 
additional  measurements  until  processing  was  complete.  This  final  processing  increased  density 
about  2  percent. 

Measurements  after  final  processing  were  again  attempted  at  a  frequency  of  0.  72  MIlz. 

On  the  thicker  specimens  (PI-1  through  -6)  it  was  found  that  although  the  input  signal  frequency 
was  0.  72  MHz,  the  signal  which  emerged  through  the  specimen  was  only  0.21  MHz.  This 
frequency  shift  phenomenon  occurs  in  carbon-carbon  composites  also  and  since  the  shift  results 
in  data  of  dubious  value,  we  have  preferred  to  limit  measurements  in  such  cases  to  lower  fre¬ 
quencies  where  such  shifts  do  not  occur.  It  was  found  that  no  shift  occurred  at  200  KHz  in  any 
of  the  ADL-4D0  specimens;  and  at  400  KHz  no  significant  shift  was  apparent  in  the  thinner 
specimens  (i.e. ,  PI-11  through  -24).  The  measurements  were  therefore,  limited  to  these 
frequencies. 

The  423-3  specimens  may  be  divided  into  three  groups,  according  to  thickness,  and  the 
measured  velocities  within  any  group  are  reasonably  consistent  but  there  is  a  significant  vari¬ 
ation  in  velocity  from  one  group  to  another.  The  thickest  specimens  (approximately  25.4  mm) 
generally  had  rather  low  velocities  (approximately  1.59  km/s  average).  Except  for  one  speci¬ 
men,  all  of  the  velocities  for  this  group  were  lower  than  those  reported  in  Heference  1.  The 
thinnest  specimens  (approximately  11.4  mm  thick)  also  exhibited  low  velocities  (approximately 
1.80  km/s  average)  but  are  generally  within  the  lower  quartile  of  the  earlier  data.  The  third 
group  of  specimens  (approximately  12.  7  mm  thick)  has  an  average  velocity  of  2. 10  km/s, 
which  is  close  to  the  average  of  the  earlier  data  (2.19  km/s). 
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TABLE  20. 

1 

ULTRASONIC  VELOCITY  ANI)  ATTENUATION  DATA  STANDARD  ADL-4D6.  PLATE  #423-3 

Measurement 

Wave 

Specimen 

Densi ty 

Thi ckness 

Frequency 

Veloci ty 

Attenuation 

Notes 

Number 

(g/cm3) 

(mm) 

(MHz) 

(km/s) 

(db/cm) 

PI-1 

1.56 

25.46 

0.20 

1.57 

5.7 

1 

Measurements  made  at 

PI-2 

1.57 

25.45 

0.20 

1.55 

6.0 

1 

200  kHz  only  due  to 

PI-3 

1.56 

25.42 

0.20 

1.79 

5.0 

frequency  shift  which 

PI-4 

1.55 

25.42 

0.20 

1.60 

5.9 

1 

occurs  at  hiqher  fre- 

PI-5 

1.55 

25.41 

0.20 

1.57 

6.6 

1 

quencies  (See  Text) . 

PI-6 

1.57 

25.44 

0.20 

1.47 

4.9 

j 

PI-11 

1.59 

11.45 

0.20 

1.84 

2.7 

\4 

PI-11 

1.59 

11.45 

0.40 

1.70 

25.0 

»  i 

PI-12 

1.61 

11.45 

0.20 

1.71 

5.9 

1 

PI-12 

1.61 

11.45 

0.40 

1.92 

25.7 

PI-13 

1.58 

1 1 . 38 

0.20 

1.83 

5.7 

i 

PI-13 

1.58 

1 1.38 

0.40 

1.79 

25.4 

PI-14 

1.58 

11.35 

0.20 

1.69 

6.6 

PI-14 

1.58 

11.35 

0.40 

1.62 

26.6 

PI-15 

1.58 

11.35 

0.20 

1.76 

5.9 

i  J 

PI-15 

1.58 

11.35 

0.40 

1.87 

26.6 

A 

PI-16 

1.59 

11.37 

0.20 

1.98 

5.3 

PI-16 

1.59 

11.37 

0.40 

1.83 

19.4 

PI-17 

1.57 

12.73 

0.20 

2.38 

7.5 

IJ 

PI-17 

1.57 

12.73 

0.40 

2.11 

17.1 

PI-18 

1.55 

12.45 

0.20 

1.88 

9.9 

PI-18 

1.55 

12.45 

0.40 

2.04 

26.0 

PI-19 

1.56 

12.74 

0.20 

2.27 

8.8 

i] 

PI-19 

1.56 

12.74 

0.40 

2.09 

20.2 

PI-20 

1.59 

12.68 

0.20 

2.38 

5.2 

PI-20 

1.59 

12.68 

0.40 

2. 10 

13.3 

PI-21 

1.59 

12.67 

0.20 

2  2 1 

7.2 

PI-21 

1.59 

12.67 

0.40 

2.08 

16.4 

PI-22 

1.56 

12.69 

0.20 

2.27 

4.3 

PI-22 

1.56 

12.69 

0.40 

2.06 

19.4 

1 

i  PI-23 

1.60 

12.70 

0.20 

2.08 

5.8 

\  PI-23 

1.60 

12.70 

0.40 

2.00 

20.1 

PI-24 

1.58 

12.69 

0.20 

1.90 

4.  1 

PI-24 

1.58 

12.69 

0.40 

1.80 

19.6 

PI-18 

1.55 

12.44 

0.20 

2.10 

14.0 

1 

Remeasured  at  a 

PI-18 

1.55 

12.44 

0.40 

2.01 

20.0 

later  date.  See 

PI-19 

1.56 

12.74 

0.20 

2.28 

12.0 

Text. 

PI-19 

1.56 

12.74 

0.40 

2.28 

15.0 
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TABLE  21.  ULTRASONIC  VELOCITY  ANI)  ATTENUATION  DATA.  Al)L-4l)6.  PLATE  4IS -l 


Specimen 

Density 

Thickness 

(cm.) 

Measurement 

Frequency 

(MHz) 

Velocity 

(km/s) 

Attenuation 

(db/cm) 

Fiber  Angle 
(degrees) 

■■■HM 

■ 

■ 

SFI’A  ST 

PI-25 

1.59 

1.017 

0.20 

12 - 

w  '  nr 

•  1 

II 

II 

0.40 

2.05 

10 

•  1 

II 

0.75 

- 

47 

„ 

II 

1.00 

- 

58 

-26 

1.5  8 

1.018 

0.20 

2. 09 

13 

42  38 

II 

If 

0.40 

2.  04 

11 

ft 

II 

'• 

1.00 

59 

-27 

1.60 

1.016 

0.20 

13 

45  40 

It 

If 

It 

0.40 

2.04 

11 

-28 

1. 59 

1.016 

0.20 

13 

45  40 

»» 

" 

II 

0.40 

2.  02 

11 

-29 

1.57 

1.017 

0.20 

2.08 

14 

45  35 

•  t 

II 

If 

0.40 

2.06 

12 

-30 

1.57 

1.0U 

0.20 

2. 15 

13 

45  38 

•  f 

II 

If 

0.40 

2. 10 

12 

-31 

1.57 

1.015 

0.20 

2.06 

13 

45  40 

M 

II 

" 

0.40 

2.04 

13 

-32 

1.60 

1.014 

0.20 

2.32 

9 

42  38 

ft 

II 

0.40 

2.27 

8 

If 

If 

" 

0.7  5 

- 

28 

If 

If 

f  f 

1.00 

- 

59 

-33 

1.61 

1.019 

0.  20 

2.  17 

15 

45  38 

If 

H 

" 

0.40 

2.11 

13 

-34 

1.59 

1.014 

0.20 

2.  12 

15 

42  35 

II 

II 

" 

0.40 

2.08 

14 

-35 

1.59 

1.018 

0.20 

2.  10 

15 

42  38 

It 

II 

" 

0.40 

2.07 

13 

-36 

1.58 

1.018 

0.20 

2.20 

13 

40  38 

II 

II 

" 

0.  10 

2.  1  ! 

8 

Thi'  difference  in  wave  velocities  between  groups  is  probably  related  to  variations  within 
the  plate.  That  is,  a  given  group  may  have  been  taken  from  one  area  of  the  plate  and  hence, 
would  be  more  like  one  another  than  would  specimens  from  an  area  remote  from  this  group. 
The  structural  differences  responsible  for  the  wave  velocity  differences  are  not  known  at  this 
time,  but  it  appears  that  density  variation  is  not  responsible  since  plots  of  velocity  as  a  func¬ 
tion  of  density  showed  essentially  no  correlation  of  the  two. 

In  the  measurements  on  423-3,  we  used  a  two-piece  aluminum  buffer  block  and  the  speci¬ 
men  was  inserted  between  the  two  blocks.  In  the  -1 18-2  measurements,  made  at  a  later  data, 
we  had  considerable  difficulty  in  using  this  method  because  of  pick-up  of  the  "main  bang" 
signal.  This  pick-up  interfered  with  the  received  signal,  making  it  difficult  to  determine  the 
state  of  the  received  signal  (i.e.  ,  its  location  in  timel  and  making  attenuation  measurement 
questionable.  As  we  were  unable  to  isolate  the  cause  of  the  pick-up,  we  circumvented  the 
pioblem  b4\  changing  to  rublx'r  butler  blocks.  1  lie  rubber  provided  a  Ix'tter  im|x'dancc  match 
to  the  ADL-41X!  (hence,  lower  reflection  losses )  and  the  wave  velocity  in  the  rubber  was 
sufficiently  low  that  the  received  signal  was  delayed  enough  to  separate  it  from  the  pick-up 
noise. 

1  he  attenuation  behavior  ot  the  specimens  from  plate  41S-2  is  unusual  in  that  all  S)x'ci- 
mens  except  Pl-31  show  a  somewhat  lower  attenuation  at  400  kHz  than  at  200  kHz.  Because 
ot  this  we  checked  three  specimens  at  higher  frequencies  and  found  the  attenuation  increased 
us  expected.  In  addition,  two  specimens  from  plate  423-3,  measured  previously,  were  re¬ 
measured.  The  attenuation  measurements  on  these  gave  three  to  four  decibel  higher  values  at 
200  kll/.  and  tive  to  six  decibel  lower  values  at  -100  kHz.  The  reason  for  tlx'  change  is  not 
known. 

3. 3. 2.  2  Flyer  Plate  Specimens 

l  Itrasonic  measurements  were  made  on  flyer  plate  specimens  machined  from  plates  121-1 
and  -2.  This  material  was  a  fine  weave  API  —IPO  and  was  donsit'ied  by  the  standard  process. 
Hcsults  of  the  measurements  arc  given  in  Table  22. 

An  interesting  feature  of  the  data  from  plate  121-1  is  tin'  difference  between  the  thick  and 
thin  specimens.  I  he  thick  specimens  showed  higher  wave  velocities  and  lower  attenuation. 
Fiber  angles  were  checked  both  by  surface  measurement  and  by  making  use  of  the  "light  pipe" 
effect  to  trace  individual  fiber  bundles.  The  difference  in  surface  reinforcement  angles  which 
was  observed  tor  the  flexural  test  specimens  from  these  two  fine  weave  plates  was  not  detect¬ 
able.  Since  the  flexural  test  results  (Section  3.2.2,  p.  3-11)  did  show  drastically  different 
results,  attributed  to  the  compaction  of  the  preform  after  weaving,  it  must  be  inferred 
that  this  is  also  the  cause  of  the  differences  in  ultrasonic  properties  between  the  two  densified 
panels. 


TABLE  22.  ULTRASONIC  MEASUREMENTS  ON  ELYER  PLATE  SPECIMENS 


Specimen 

Number 

Dens  1  tv 
(g/cm3) 

Thickness 

(™) 

Measurement 

Frequency 

(MHz) 

Wave 

Veloci ty 
(km/s) 

Attenuation 

(db/cm) 

ADL-4D6 , 

Plate  #424-1 

,  Fine  Weave 

US/FP-1 

1.61 

10.15 

0.20 

1.66 

8.8 

0.40 

1.65 

18.4 

US/FP-2 

1.60 

10.15 

0.20 

1.59 

10.9 

0.40 

1.61 

20.7 

US/FP-3 

1.62 

25.42 

0.20 

2.16 

3.8 

0.40 

2.08 

7.3 

US/FP-4 

1.62 

25.41 

0.20 

2.17 

4.4 

0.40 

2.11 

6.8 

ADL-4D6,  Plate  #424-2,  Fine  Weave 


3.4  SHOCK  Tfc’STINi: 


3.4.1  INTRODUCTION 

This  section  contains  a  description  of  die  plate  impact  and  particle  impact  testing  per¬ 
formed  at  Effects  Technology,  Inc.  for  evaluation  of  AI) L-4D6.  The  plate  impact  tests  were 
performed  on  specimens  from  die  fine-weave  plates  424-1  and  424-2  for  comparison  with  die 
standard -weave  material.  Exploding  foil  plate  impact  test  techniques  have  been  discussed  in 
detail  in  a  previous  report  (Ref.  2).  The  particle  impact  tests  were  performed  on  standard- 
weave  specimens.  Small  glass  spheres  were  fired  along  a  trajectory  10°  to  the  surface  of 
the  specimen.  The  methods  used  for  launching  the  particles  are  given  in  a  separate  paper 
(Ref.  11). 

Eight  of  die  plate  impact  tests  were  performed  using  carbon  piezoresistive  stress  gages 
on  die  impact  surface  to  measure  die  magnitude  of  die  impact  stress.  This  infonm  tion  was 
used  in  conjunction  with  die  impact  velocity  and  equation -of-state  of  die  impacting  material  to 
obtain  equation -of-state  data  which  were  compared  with  die  equation -of-state  data  on  the 
standard -weave  ADL-4D6  tested  previously.  Gages  wore  also  used  on  the  rear  surface  in  order 
to  measure  die  transmitted  stress  and  dius  determine  the  attenuativo  properties  of  the  material 
in  the  stress  regime  of  Interest  for  vulnerability  analysis.  The  results  of  die  equation-of-state 
and  attenuation  tests  yield  valuable  insight  to  the  interpretation  of  the  resistance  of  this  class 
of  material  to  damage  by  impulsive  loading.  The  data  indicate  diat  the  stress-wave  response 
curve  for  the  fine-weave  material  follows  the  acoustic  response  line  up  to  30  kbar  and  dien 
rises  above  the  standard -weave  ADL-4DG  curve. 

A  series  of  six  tests  were  performed  using  14  mil  Mylar  flyer  plates  to  determine  die  ex¬ 
tent  of  damage  versus  impact  velocity  for  three  different  diicknesses  of  die  material.  The 
equation-of-state  data  were  used  to  calculate  die  delivered  impulse  for  each  flyer  plate  Impact 
velocity.  The  impulse  calculated  in  this  way  may  be  considerably  different  from  either  the 
initial  flyer  plate  momentum  or  die  impulse  calculated  by  means  of  die  acoustic  approximation. 
The  damage  results  are  compared  ividi  results  obtained  previously  on  die  standard -weave 
material. 

3.4.2  EQUATION -OF-S TATE  AND  ATTENUATION 

Determination  of  die  equation-of-state  for  die  fine-weave  ADL-4D6  was  based  on  measure¬ 
ments  of  impact  stress  and  velocity  as  discussed  in  Reference  2.  Using  the  equation-of-state 
of  the  impacting  material  and  these  measured  parameters,  points  on  die  stress  versus  particle 
velocity  curve  are  determined.  Additional  data  useful  In  evaluating  die  stress  wave  response 
of  the  material  are  given  In  Table  23.  Acoustic  impedence  (obtained  as  die  product  of  density 
and  ultrasonic  wave  velocity)  gives  an  initial  estimate  of  the  response  of  the  material  in  the 


89 


1 


TABLE  23.  MATERIAL  PROPERTIES  FOR  FINE-WEAVE  AIU -41)6  SPECIMENS  USED  ON 
EQU  ATION  OF  STATE  TESTS 


— 

\  r  i 

SPECIMEN 

1  1 

MEASUREMENT 

FREQUENCY 

(MH?.) 

ULTRASONIC 

VELOCITY 

..sec) 

US/FP-1 

1.61 

1.015 

0 . 20 

0.  166 

.267 

8 . 8 

-.-'-4-1 

US/FP-2 

1.60 

1.015 

0 . 20 

0.159 

10.9 

-2-4-1 

US/FP-  1 

1.62 

2.542 

0 . 20 

0.216 

0.  150 

1.8 

4-4-2 

S-9 

1.57 

l  .018 

0 . 20 

0.24  J 

0.  182 

9 

low  stress  regime.  Ultrasonic  attenuation,  while  not  directly  comparable  to  shock  wave  attenu¬ 
ation,  provides  a  check  on  the  variability  of  the  material  as  well  as  a  potential  correlating 
parameter  for  plate  Impact  and  particle  Impact  damage.  *  Test  conditions  and  results  from  the 
equation-of-state  shots  are  summarized  in  Table  24.  Measured  stresses  are  plotted  versus 
velocity  and  compared  with  the  previously -obtained  data  on  standard -weave  material  in  Figure 
44. 

A  more  useful  representation  of  the  data  is  the  stress  versus  particle  velocity  curve.  The 
stress  versus  impact  velocity  data  may  be  converted  to  stress  versus  particle  velocity  by 
means  of  the  R ankine -H ugon lot  expressions  for  conservation  of  momentum,  mass  and  energy 
as  discussed  in  Reference  2.  Values  of  the  shock  wave  parameters  derived  from  the  measure¬ 
ments  on  the  fine-weave  material  are  given  in  Table  25.  Data  in  the  last  entry  show  anomalous¬ 
ly  low  stress,  possibly  due  to  the  presence  of  a  void  near  the  surface  of  the  material.  The 
results  for  the  two  fine-weave  plates  are  compared  with  the  results  from  the  standard -weave 
material  in  Figure  45.  The  stress  versus  particle  velocity  curves  for  the  l’lexiglas  and  Mylar 
flyer  plate  materials  are  shown  in  Figure  4t>.  The  curves  in  these  two  figures  were  used  to  corn 
pute  the  stresses  and  delivered  impulses  on  the  damage  tests  discussed  in  the  following  section. 


‘Ultrasonic  data  were  not  available  for  the  thicker  specimens  due  to  measurement  problems 
discussed  In  Section  3.3.  As  a  result,  correlation  with  plate  impact  data  was  not  possible 
and  only  limited  correlation  could  bo  performed  with  particle  impact  data. 


TABLE  24  SUMMARY  OF  EQUATION  OE  STATE  AND  ATTENUATION  PLATE  IMPACT  TEST 


STRESS,  a  (kbar) 


Figure  44.  Results  of  Equation  of  State  Tests  on  ADL-4D6  Fine  Weave  Material  and  Comparison 
with  Standard  Weave  Response 


TABLE  25.  EQUATION-OF-STATE  DATA  FOR  FINE  WEAVE  ADL-4D6 


IMPACT 

VELOCITY 

V(cm/y  sec) 

STRESS 
o  (Kbar) 

SHOCK  PARTICLE  VELOCITY 

U  (cm/ysec) 

P 

0.247 

72.7 

0.124 

0.216 

55.3 

0.115 

0.150 

27.6 

0.096 

0.100 

18.4 

0.058 

0.072 

12.4 

0.044 

0.072 

12.2 

0.044 

0.254 

30.8 

0.191 
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Figure  45.  Equation  of  State  of  ADL-4D6,  Stress  Versus  Particle  Velocity 


l'he  values  of  roar  surfaco  stress  wore  compared  with  the  Initial  stresses  to  determine  the 


extent  of  stress  wave  attenuation  In  the  material,  for  nominal  Impact  stresses  of  12  kbar  to 
72  kbar,  the  nominal  attenuation  rate  was  found  to  lx>  t>.  2  i  0.15  dB/cm  for  fine-weave  ADL- 
41)0  under  shock  loading,  This  quantity  will  bo  useful  In  estimating  rear  surface  stresses  for 
tho  tkuuage  threshold  tests. 

3.4.3  DAMAGE  RESISTANCE 


Plate  Impact  tests  were  performed  on  two  thicknesses  of  plate  421-2  and  one  specimen 
from  plate  424-1  In  order  to  evaluate  the  resistance  of  the  material  to  damage  by  Impulsive 
loading,  iho  thicknesses,  densities  and  ultrasonic  properties  of  tho  specimens  used  on  these 
tests  are  listed  hi  Table  2(1.  Tost  conditions  and  results  for  tho  damage  tests  arc  given  In  Table 
27.  Impact  stresses  wore  obtained  using  the  oquatlon-of-statc  curves  for  AD l,-4I)(i  and  Mylar, 
as  discussed  previously.  Delivered  Impulse  Is  defined  by  the  stress-time  integral 

1  fa  dt  (4) 


which,  for  tin1  ease  of  thin  flyer  plate  Impact  may  be  calculated  from  the  expression 

1  or 
1  o 

whore  the  pulse  duration,  r  ,  is  given  by 


Xf 


r 

o  U 


sf 


"sf 


(5) 


(«> 


In  tills  expression,  X,  Is  tho  flyer  plate  thickness  and  It  ,  and  U  ,  are  tho  shock  velocity  and 
1  f  •  sf  pf 

particle  velocity,  respectively,  in  the  flyer  plate  material  at  tho  initial  stress  o..  The  pulse 
duration  is  Just  the  time  required  for  the  shock  wave  to  traverse  tho  thickness  of  the  flyer 
plate,  reflect  as  a  rarefaction  wave  and  return  to  the  specimen  flyer  plate  Interface.  Tho  form 
of  Equation  (<;>  takes  into  consideration  the  fact  that  the  release  wave  travels  through  tho  com¬ 
pressed  fiver  plate  material  which  Is  therefore,  reduced  in  thickness.  It  should  be  emphasized 
that  this  expression  assumes  that  the  stress  relieves  to  zero  upon  arrival  of  the  rarefaction 
wave  at  the  impact  surface.  In  eases  where  the  shock  impedance  of  the  flyer  material  is 
greater  than  the  shock  Impedance  of  the  specimen,  the  stress  will  not  relieve  completely  after 
Uie  first  reflection.  In  those  eases,  the  calculation  simply  gives  the  "prompt  impulse,"  i.e. , 
the  portion  of  the  Impulse  associated  with  the  first  double-transit  of  the  shock  wave  through 
the  flyer.  The  remaining  portion  of  the  impulse  is  delivered  over  a  period  of  time  which  de¬ 
pends  on  the  relative  impedances  of  the  specimen  and  flyer  plate  materials.  The  total  inte¬ 
grated  momentum  delivered  to  the  specimen  (after  many  stress  wave  reflections)  will  bo  equal 
to  the  flyer  plate  momentum  whenever  the  shock  Impedance  of  the  flyer  material  is  greater  than 
the  shock  int[>edanco  of  the  specimen.  As  discussed  in  Reference  2,  only  the  prompt  portion  of 


TABU  26  MA1FRIAL  PROPFRTIFS  I  OR  SPFVIMFNS  USFI)  ON  DAMACF  1HRISHOI  I)  1  I  SI  S 


PI.ATK 

SPECIMEN 

pins i rr 
(»«/«•') 

THWKNFSS 

K«' 

MEASUREMENT 
PWvJl  » NOT 
lNN«) 

l'l  TKASONlv 
VELOCITY 

ACOUSTIC 

IMl'l  JVANi'F 

V  •«/»■■*  > 

ATTENUATION 
i«ib/ t  a) 

424-2 

S-1 

1.55 

2  .  ''8 

• 

• 

• 

4  24-2 

S-  2 

1.56 

2 . 55A 

• 

• 

« 

• 

424-2 

S-l 

1.55 

2.558 

• 

* 

• 

• 

424-2 

S-8 

1.54 

1.018 

0.20 

0.221 

0.  140 

14 

0 . 40 

0.21' 

0.  128 

20 

424-2 

$  ft 

1.57 

1.018 

0.20 

0.40 

0.225 

0.218 

0.  151 

0 .  1  W 

M 

424-2 

us/rr-4 

1.62 

— 

2.541 

°--°  o.»o 

0.217 

0.211 

0.  152  .  llt 

0.  142 

19 

“Ultrasonic  properties  of  specimens  $-1,  S-2,  S -.1  could  not  to  measured  due  to  large  attenuation  and 
scattering  in  the  1-inch  thickness. 


TABl F  27.  SUMM  ARY  OF  PI  AH  IMPACT  DAMAC.l  I1STS  ON  F'lNF-WFAV F  AlU  41  >0 


.  . .  .  »  :  '  m***»  t 


tlio  pulse  Is  conshlo rod  In  the  damage  analysis,  lieeause  il  Is  assumed  that  most  of  Ute  damage 
to  the  material  Is  assoelated  iilth  the  highest  stress  level,  which  is  maintained  only  during 
that  portion  of  the  pulse,  l’lie  effort  of  this  assumption  in  the  ease  of  tin'  fine-weave  material 
is  llial  die  ratio  of  delivered  momentum  to  fiver  plate  momentum  reaehes  a  minimum  of  about 
0.77  in  the  f>-7  kilotap  I'unjjo. 

As  wit!)  die  standard  -weave  material,  the  primary  damage  mode  Inchoated  by  the  damage 
tests  was  front  surface  crushing,  and  damage  of  this  form  was  seen  at  delivered  impulse 
levels  above  approximately  5.  7  kilotaps.  No  crushing  damage  was  observed  at  a  level  of  7 
kilotaps.  Phis  result  may  lie  compared  to  the  standard-weave  material  which  exhibited  some 
front  surface  crushing  and  slight  Increase  in  thickness  (likely  due  to  Internal  spall)  at  4.H  kilo¬ 
taps.  I'he  degree  of  crushing  damage  was  moderate  at  the  5.  7  kilotap  level,  and  was  confined 
to  the  region  near  die  surface,  approximately  1  mm  deep. 

At  a  delivered  impulse  ot  '.).  t  kilotaps,  the  crushing  was  severe  but  confined  to  a  region 
approximately  0  ;>  m  thick  at  die  front  surface,  llio  extent  of  damage  to  the  specimen  in 
diis  test  is  visible  in  the  photographs  of  Figure  17.  A  similar  result  was  obtained  with  Ute 
same  impact  conditions  on  plate  124-1.  Crushing  of  the  impact  surface  extended  te  a  depth 
ot  approximately  0.5  cm,  and  no  rear  surface  damage  was  observed,  lloth  specimens  were 
ever  2.5  out  thick,  and  exhibited  spall  cracking  at  a  depth  of  approximately  0.5  te  1  cm  from 
the  rear  surface.  I'he  material  in  front  of  the  spalled  section  fractured  laterally  and  frag¬ 
mented  te  an  extent  which  precluded  determination  of  the  depth  of  crushing,  yin  the  basis  of 
those  u'sults,  it  is  concluded  that  the  threshold  level  for  degradation  of  the  material  by  front 
lace  crushing  is  approximately  5.7  kilotaps,  which  Is  approximately  die  same  as  the  value 
found  for  the  threshold  for  crushing  of  die  standard-weave  material.  I'he  performance  of 
fine -weave  plates  424-1  and  424-2  was  essentially  Identical  at  die  threshold  condition. 

I'he  threshold  for  spall  failure  appears  to  tv  near  !>.  I  kilotaps  for  both  of  the  fine-weave 
plates  in  the  2.5  inch  thickness.  As  mentioned,  both  showed  spall  cracking  at  this  level,  plate 
424-2  was  tested  at  both  higher  and  lower  Impulse  levels.  At  14,2  kilotaps,  complete  spall 
was  observed;  at  5.7  kilotaps  no  spall  cracks  wove  evident.  I'hoso  results  place  the  spall 
performance  of  die  2.5  cm -thick  fine-weave  material  within  die  uncertainty  limits  obtained  for 
U'e  2.5  cm -thick  standard -weave  material. 

I’he  two  tests  performed  on  t  cm  thick  specimens  bracketed  the  spall  threshold  for  that 
thickness.  At  5.7  kilotaps,  complete  spall  was  observed.  At  5.7  kilotaps  the  specimen  was 
undamaged.  I’he  performance  of  the  1  cm -thick  flue-weave  materials  cannot  lx-  compared 
directly  with  the  standard  weave,  since  previous  testing  of  the  standard -weave  material  did 
not  include  shots  which  produced  a  definite  spall.  However,  it  appears  that  the  l  -cm  thick 
fine-weave  material  is  somewhat  weaker  than  the  standard -weave  material  in  terms  of 
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delivered  Impulse  required  to  produce  spall  damage.  The  best  estimate  of  performance  Is 
shown  In  Figure  48,  which  Indicates  most  probabto  spall  thresholds  of  4.7  kilotaps  for  1-cm 
thickness  and  9.  1  kilotaps  for  2.  5  cm  thickness.  Test  data  for  the  standard-weave  material 
are  shown  for  comparison. 

3.4.4  PARTICLE  IMPACT  TESTING 

Specimens  from  two  plates  of  standard-weave  ADL-4DG  were  subjected  to  Impacts  at  10°, 
using  1  '2  mm  and  1  mm  glass  particles  in  order  to  characterize  the  erosion  performance  of 
this  material.  Variations  in  mass  loss  due  to  particle  size,  impact  velocity  and  test  temper¬ 
ature  were  investigated. 

Midway  through  the  test  series,  variations  in  specimen  density  and  acoustic  attenuation 
were  noted.  These  variations  appealed  to  have  significant  influence  on  the  mass  loss  data, 
which  showed  wide  scatter  under  some  test  conditions  (1  mm  particles  at  12  kft/sec  in  particu¬ 
lar).  It  became  evident  that  a  larger  number  of  replicate  tests  at  these  conditions  would  be 
required  for  an  acceptable  degree  of  precision.  As  a  result  of  this  finding,  and  in  view  of 
difficulties  encountered  will)  launching  large  particles,  the  original  test  plan  was  modified; 
testing  with  3  mm  particles  was  dropped  from  the  matrix  and  additional  tests  with  1/2  and  1  mm 
particles  were  scheduled  to  further  investigate  these  effects. 
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Figure  48  Spall  Test  Results  for  ADL-4D6  Materials 
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rho  particle  impact  U'st.s  are  summarized  lu  fable  2S.  Also  Ineludixi  in  the  talilo  art> 
tho  200  Kllz  ultrasonio  attenuation  data  obtained  by  t'.K,  Hooanso  ot  the  difficulties  In  moastiro 
mont  discussed  In  Sootion  11.  It,  S|X'olmons  from  plate  US  2  we  tv  tested  with  different  buffer 
bloehs.  As  a  result,  Ute  ultrasonio  data  from  the  two  plates  cannot  be  compared  diivelly  tor 
the  purpose  of  isolating  attenuation  effects  on  mass  loss. 

the  Influence  of  specimen  density  was  investigated  analytically.  A  trUarlate  regression 
was  performed  on  all  of  the  room  temperature  data  to  separate  the  effects  of  velocity  and 
material  density  on  mass  loss.  Ute  model  which  was  used  for  the  regression  analy  sis  was  of 
the  form: 

t!  Cl  *  A p  <  l'Y  1 7 > 

o 

rho  analysis  yielded  the  following  relative  values  for  the  constants: 

11  111.  17 

o 

A  -ft.  53  y  S) 

It  0.  109 

when  normalized  by  the  value  of  mass  loss  at  the  nominal  conditions  (0  l.dS  gin  cm-',  V  12 
Kft  seel,  tin  this  representation,  the  mass  loss  for  a  density  of  1 .  AS  gm  cm-  and  a  velocity 
of  12  Kft  sec  is  arbitrarily  set  equal  to  1.00.1  rho  coefficient  of  determination  found  for  this 
regression  was  K~  0 .  .1 7 ,  which  Indicates  a  reasonably  strong  correlation. 

In  order  to  display  the  dependence  of  mass  loss  on  tho  various  parameters,  a  normali.  a 
tii'u  piwoduro  must  bo  established  to  account  for  the  changes  in  Independent  variables.  I'o 
tills  end,  Valuation  y71  may  lx'  used  to  estimate  the  mass  los  which  would  have  boon  obtained 
at  reference  test  conditions,  given  the  measured  results  and  actual  test  conditions.  1'he 
following  expression  gives  the  relationship  between  the  equivalent  and  measured  mass  loss 
ratios : 


eq 


Cl  -*  An  .  *  l'\ 

ret  ret 

I'.  *  Ap  i  HY 

o  mens  me  as 


mens 

t'ne  may  define  a  further  norm  a  11. -at  ion 


me  as 
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who iv  t;N  is  an  arbitrary  constant  which  is  intrixluced  in  order  to  avoid  direct  reference  to 
actual  mass  loss  ratios.  Since  the  average  density  of  all  of  the  specimens  tested  in  this  study 
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For  l ho  pur)x>se  of  examining  velocity  dependence  of  tho  muss  loss  ratio,  oiiuivalont  (nor¬ 
malized)  mass  loss  ratios  a  tv  obtained  bv  sotting  p  ,  1.58  and  V  ,  V  In  Equation 

ref  ref  moas 

(11).  Values  obtained  bv  this  procedure  a  tv  listed  In  Table  28  and  the  room  temperature  data 
is  plotted  at  t;  (1.38,V)  versus  V  in  Figure  18.  It  is  noted  that  throe  of  Iho  gravimetric  mass 
loss  values  fall  considerably  higher  than  the  bulk  of  the  data,  lhls  scatter  Is  attributed  to  tho 
less  of  material  at  locations  remote  from  the  crater  site.  1'hls  behavior  is  topical  of  the  more 
brittle  woven  materials,  and  may  have  little  relationship  to  performance  in  service.  With  the 
exception  of  those  three  points,  both  the  gravimetric  and  the  volumetric  data  cluster  around 
the  regression  line  with  a  scatter  of  approximately  80  percent. 

Density  dependence  Is  examined  bv  setting  P  P  and  V  12  Kft  sec  in  Equation 

ref  mens  ret 

(11).  Normalized  values  are  listed  in  Table  28  and  are  plotted  In  Figure  00  as  t!(p,  12)  versusp  . 
Die  normalized  values  of  mass  loss  which  were  obtained  at  a  nominal  velocity  of  8  Kft  see  are 
listed  in  parentheses.  In  addition,  normalization  of  the  S  Kft  sec  data  to  the  S  Kft  sec  reference 
condition  was  performed  and  the  values  obtained  are  listed  in  Table  28  as  ld(P,  S).  These  quan¬ 
tities  were  plotted  separately  on  the  li  versus  p  curve  and  were  found  to  group  around  the  8 
Kft  see  regression  line.  Since  no  additional  insight  was  obtained  by  examination  of  that  plot, 
the  tqP,  12)  versus  p  representation  was  used  to  display  all  of  the  room  temperature  data. 

Ig.ttn,  the  data  falls  within  approximately  80  percent  of  the  regression  line  with  the  exception 
of  die  three  gravimetric  data  points. 

Subsequent  detailed  microscopic  examination  of  impacted  specimens  revealed  the  existence 
of  large  cavities  adjoining  the  craters  in  5  of  die  specimens.  The  tests  on  which  diis  phenom¬ 
enon  was  observed  were  the  room  temperature  shots  2878,  2878  and  3208,  and  the  high- 
tem|x'raturo  shots  3220  and  3221.  Examination  of  the  data  in  Table  28  shows  that  each  of  tiiese 
shots  also  yielded  relatively  large  volumetric  mass  loss  ratios.  In  view  of  the  potential  Im¬ 
portance  of  Oils  result,  du'  statistical  analysis  was  repeated,  using  die  data  from  Table  28, 
but  omitting  these  apparently  anomalous  data.  The  new  constants  which  were  generated  in  this 
analysis  are: 

li  7.  at! 

o 

A  -1.7-1  (12) 

11  0. 060 

1 

The  coefficient  of  determination  of  this  regression  was  found  to  bo  11“  0.608,  indicating 


a  notably  stronger  correlation  than  was  previously  obtained. 
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The  li>'"  constants  (121  won'  used  with  i'i|iui t i< >n  (VI  In  generate  now  values  fur  (he  he 
velocity  dependence  ami  angular  dependence.  These  are  represented  as  dashed  linos  in  Figures 
•III  and  aO,  respectively.  1'ho  plots  clearly  imlioato  a  significant  effect  on  the  repression  linos, 
live  avorapo  mass  loss  ratio  in  the  12  Kit  'see  velocity  replme  Is  approximately  20  peroent 
lower  and  the  soattor  is  preatly  reduced  for  the  new  repression.  Similarly,  the  avorapo  mass 
loss  ratio  in  the  low  density  (!..>!>  pm  one')  regime  is  reduoi'd  In  approximately  ltd  pen'ont 
with  an  attendant  reduction  in  data  soattor  for  the  new  repression.  Thus,  analysis  of  the  room 
temperature  data  without  the  throe  points  which  exhibited  cavities  adjoining  the  craters  indicates 
much  weaker  dependences  on  both  velocity  and  density  than  was  obtained  from  analysis  ineludlnp 
the  entire  room  temperature  data  base. 

To  Investigate  the  possibility  of  particle  size  dependence,  live  room  temperature  values  of 
Clyl.aS,  12|  from  Table  2!l  (omitting  the  suspect  data)  for  0.  !>  turn  and  1.0  mm  particles  were 
examined  Independently.  Mean  values  and  standard  deviations  were  found  to  bo  0.  !*:»2  >_  0.270 
and  0.  Odd  i  0.  1  I  I  for  the  two  particle  sizes,  respectively  Since  live  mean  values  differ  by 
much  less  than  the  standard  deviations,  the  differences  are  not  considered  significant. 

The  high  temperature  behavior  ol  the  material  was  also  investigated  in  a  series  of  tests 
I x>r formed  at  1200‘’T.  The  data  from  these  tests  (omitting  the  two  suspect  data)  are  compared 
with  room  temperature  data  in  the  plot  of  ( ;  ( l . .  >  S ,  |2)  versus  T  in  figure  ol.  The  mean  anil 
standard  deviation  ol  the  high  temperature  data  is  t.  Itto  <  0.200  as  compared  to  the  room 
tem|x>rature  values  ot  0.  02.1  i  o.  ts.i.  In  this  ease  the  moan  v  alue  of  the  mass  loss  at  I200°F 
exceeds  the  mean  value  of  the  room  temperature  bv  70.  a  ,  which  is  larger  than  the  standard 
deviation  ot  either  data  set.  The  dillcrcnco  between  the  elevated  temperature  and  room  temp¬ 
erature  response  in  therefore  taken  to  lx-  significant. 

As  mentioned  previously,  the  data  taken  earlv  in  the  program  on  plate  120  I  exhibited 
a  strong  correlation  to  the  200  K 1 1 .  attenuation  data.  Although  a  strong  dependence  of  mass 
loss  ratio  on  stress  wave  attenuation  is  to  be  expected  based  on  the  T  Id  erosion  model  (Hot.  17), 
the  relationship  to  ultrasonic  attenuation  is  unknown.  Nevertheless,  the  correlation  is  suf¬ 
ficiently  strong  to  warrant  further  investigation.  In  f  igure  d2,  normalized  mass  loss  is 
plotted  as  a  fvtc  lion  of  ultrasonic  attenuation,  with  separate  symbols  associated  with  the  data 
obtained  bv  the  two  different  techniques  (aluminum  buffer  blocks  and  rubber  buffer  blocks). 

INvo  points  for  which  data  was  taken  bv  both  techniques  are  joined  bv  dashed  lines.  Note  that 
for  these  two  points,  (ho  rubbei  luilfer  block  technique  vtcldcd  larger  values  ol  attenuation. 

The  very  strong  trend  for  decreased  mass  loss  with  Increasing  attenuation  is  apparent  for 
the  data  taken  with  aluminum  buffer  blocks  (plate  120  0)  One  notable  exception  is  the 
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l  idiiro  5 1  Temperature  Dependence  of  Volumetric  Mass  Loss  Ratio  for  ADL-4D6 


ijture  5  '  Correlation  of  Volumetric  Mass  l  oss  Ratio  with  Ultrasonic  Attenuation 


anomalously  low  mass  loss  ratio  assoolatoil  with  tlio  2.7  dll  om  atU'iniatlon.  With  Uu>  exception 
of  this  otto  point,  tills  data  may  !>o  represented  In  Uto  form 


win'll'  regression  analysis  vtolds  tlio  \  aim's 


witii  a  oorrolatlon  coefficient  of  -0.  7!>;).  Kijuat ion  (lit)  is  plotted  as  a  solid  curve  on  Figure  52. 

No  correlation  is  evident  lietween  mass  loss  ratio  and  the  attenuation  obtained  using  (lie 
rublier  buffer  block  tccImUiuo  (tliis  was  performed  primarily  on  specimens  from  plate  418-2). 
it  is  clear  that  the  scatter  in  the  room  temperature  mass  loss  ratio  for  plate  42.1-2  is  strong¬ 
ly  related  to  the  variation  in  attenuation.  However,  the  lack  of  consistency  of 'techniques  used 
and  data  obtained  on  plate  I  IS  2  precludes  lneor|>oration  of  the  attenuation  as  a  parameter  in 
flic  mass  loss  relationship. 


I'ho  performance  of  AIM  Uhl  under  particle  impact  may  tie  compared  with  that  of  other 
current  antenna  window  materials  bv  reference  to  recent  SAMSO  data  (lief.  lit).  This  data 
constitutes  a  fairly  comprehensive  characterization  of  velocity  and  angle  dependence  of  mass 
loss  for  AS2DX  and  111’1'N  (TS1251)*.  The  velocity  dependence  data  for  these  materials,  which 
were  obtained  at  an  impact  angle  of  ‘J  degrees,  is  adjusted  to  give  the  equivalent  It)  degrees 
response  for  the  comparison.  Normalized  mass  loss  ratios  for  the  three  materials  are  plotted 
versus  velocity  in  Figure  ait.  I'lio  curve  for  AIM  -  lilt;  was  generated  by  means  of  liquation  (7) 
with  the  constants  ot  liquation  (121  assuming  the  nominal  density  of  l.tiO  gill  cm'*. 


Comparison  of  the  curves  indicates  a  somewhat  weaker  velocity  dependence  for  ASHDX 
and  lll’HN  Ilian  was  observed  for  \1M  lUil.  I'lio  mass  loss  ratios  for  ASillfN  and  AIM  I1V>  are 
comparable  at  a  velocity  of  10. .»  Kit  see.  At  lower  velocities,  AIM  IPO  shows  the  best  per¬ 
formance  (lowest  mass  loss  ratio).  At  higher  velocities,  the  AIM  -4Pt>  curve  lies  slightly 
above  tiie  AS2PX  curve  but  well  below  the  lll’HN  curve  this  behavior  is  attributed  to  an  ob 
served  tendency  for  removal  of  filter  bundles  adjacent  to  the  crater  at  the  higher  velocities. 
Fiber  pullout  was  observed  both  in  depth  at  the  crater  wall,  and  at  the  surface  of  the  material, 
adjacent  to  the  main  crater.  \  significant  Improvement  in  particle  Impact  mass  loss  is  ex¬ 
pected  for  the  fine  weave  version  of  AIM  IPO  as  a  result  of  the  reduced  size  ot  the  matrix 
pockets  and  increased  confinement  of  the  fiber  bundles. 


*181251  hot  pressed  boron  nitride  is  an  improved  chemical  purity  grade  of  111'HN  developed  by 
I  n  ion  Carbide  for  aerospace  antenna  window  applications.  It  is  similar  to  grade  IIHC  In  other 
properties. 
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For  ;t  moro  detailed  discussion  of  the  particle  Impact  test  results,  Including  crater 
maps"  and  raw  data,  the  reader  Is  referred  to  the  classified  addendum  to  this  report  (Ref. 
■1). 


IMrACT  VELOCITV,  V  (kft/sec) 


Figure  5.1.  Relative  Frosion  Performance  of  Virgin  Antenna  Window  Materials 


t  5  1)11  III  IKK  I’KOI’I  KIV  Ml  ASUKIMI  NTS 


Dielectric  cons taut  and  loss  tangent  properties  of  most  of  the  materials  developed  and 
fabricated  m  this  pingram*  were  mcnsuivd  In  W.  Weslphal  al  Massachusetts  Institute  ol 
Technology  l.nhoratorv  tor  Insulation  Heseareh.  1,-Hnnd  (250  Mil/)  measurements  ol  dieleetrie 
eonstant  and  loss  tangent  had  heen  previously  made  on  API. -11)0  at  liK-HKSP,  as  were  X-hand 
(HKIHz)  transmission  and  refleetion  measurements  to  surface  melting  conditions  under  a  laser 
heating  envmuuueut  (Hof.  I,  Section  2.  5). 

To  assess  the  performance  ol  these  materials  in  the  millimeter  wave  region,  measure¬ 
ments  were  planned  m  the  UK's  21  (ill.-  (12.5  mm.  free  space)  and  00  lillz  (2.2  mm.  free 
space)  klystron-lixed  livqucury  facilities.  Together  with  adilitional  X-lmiul  measurements  to 
verity  the  IIKS1)  data,  this  data  base  would  span  the  mm  wavelength  region,  characterizing 
the  materials'  perlormanee  in  the  region  ol  the  two  atmospheric  high  transmission  frequencies 
ol  interest. 

3.  a.  1  METHODS  OT  M  EAST  UK  MEN  r 
a.  5.  1.1  Standing  Wave  Method 

The  standing  wave  method  was  used  al  S.5  Oil/  and  21  Oil/  lor  the  mom  temperature 
measurements  and  lor  some  elevated  temperature  measurements  up  to  HOO  T’.  The  measure¬ 
ment  is  perlormed  in  a  (  I'M  I  I  mode)  ci  ivular  wave  guide,  1  inch  ID  for  S.  a  Oil/  and  2  s  inch 
ID  for  2  1  Oil/..  The  metal  sample  holder  al  the  end  ol  the  waveguide  provides  an  electrical 
short  and  causes  a  high  standing  wave  in  the  waveguide.  With  the  use  ol  a  traveling  pruhe 
located  m  a  slotted  section  ol  the  waveguide,  measurements  of  the  position  and  width  of  the 
standing  wave  node  are  made  before  and  after  the  sample  is  inserted  into  the  holder.  Most  ol 
the  samples  were  ol  sut'lieient  thickness  to  he  measured  in  the  short  eireuit  position  (against 
the  wave  guide  short).  This  data  was  reduced  as  follows; 

l’mho  position  readings  are  taken  al  twice  minimum  power  points  on  either  side  ot  the 
lowest  node.  Ihe  width  ol  the  node  DS  is  the  dillerenee  in  the  readings,  the  node  |>osition  SN 
is  the  average.  Similar  readings  are  taken  with  empty  holder  to  obtain  DA.  AN. 

The  general  mathematieal  relations  in  terms  ol  Figure  5  1  are 
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SAMPLE  OUT 


Figure  54.  Notation  in  Standing  Wave  Measurements 
tanh  y  2>'  t  7.H 
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I'hin  samples  are  placed  at  the  open  circuit  position  in  the  waveguide  to  take  advantage  id  the 
high  electric  field  at  this  position.  The  samples  are  held  at  this  position  with  a  low  loss  die¬ 
lectric  spacer.  The  data  reduction  in  this  ease  is  somewhat  different  and  is  described  in 
Hefereuee  lf>. 

Measu  ivments  at  elevated  temperatures  were  performed  in  a  heated  silver  sample  holder 
as  shewn  in  Figure  of*.  The  heated  sample  holder  is  attached  to  the  bottom  ot  the  waveguide 
usi<d  for  tht'  room  temperature  measurements. 

>  L>d  is  determined  from  charts  or  tables  of  tanhX/X  or  a  numerical  computer  solution. 


"  •  <*£“*  Y2d>: 


In  the  above  <<quat ions  and  Figure  fit: 


V  is  the  distance  of  first  minimum  in  standing-wave  aliovo  sample 

ITX  is  the  width  ot  the  minimum  corrected  for  wall  loss  between  probe  and  sample 
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1  iiiiiu*  1 4*i\|tiliul m:«l  Section  ot  l  ircuhit ,  High  lempenttiire  Sample  Holders 
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ZH/Z1  is  boundary  impedance  relative  to  air-filled  waveguide  impedance 
T1  -  propagation  function  for  air-fiUed  waveguide 
-  P reparation  function  for  sample-filled  waveguide 

IAV  -  wavelength  in  air-lilled  waveguide 

u  -  (I.W/X  c)“;  Xc  1.  700293  x  waveguide  diameter 
K"  -  complex  dielectric  constant  relative  to  air 

A  computer  program  has  been  developed  which  finds  the  value  of  K*.  then  corrects  for 
wall  loss  in  the  sample-filled  section  and  corrects  the  dielectric  constant  for  the  air  space 
between  sample  and  waveguide  wall. 

3..>.  1.2  Hesonant-Cavlh  Method 

l-'or  measurements  higher  than  SOOT  at  8.5  GHz  and  at  2-1  GHz.,  a  dielectric  filled  resonant 
ia\ii\  technique  was  used.  I  he  same  sample  that  was  used  for  standing  wave  measurement  was 
used  lor  this  measurement.  The  resonant  cavity  measurement  setup  is  shown  in  Figure  5(5. 

’’he  cavity  is  formed  by  wrapping  platinum  foil  around  the  cylindrical  sample.  Heat  and  pres- 
suie  are  used  to  weld  the  edges  ol  the  toil.  Small  holes  in  the  platinum  foil  at  the  center  of  the 
axis  are  used  to  couple  energy  in  and  out  of  the  cavity. 


Figure  56.  Fquipment  for  Resonant-Cavity  Measurement 


The  dielectric  constant  amt  loss  tangent  are  determined  from  the  resonant  trequency  and 
Q  ot  the  assembled  cavity.  Since  the  cavity  resonates  in  many  modes,  a  mode  must  be  selected 
that  is  in  the  range  of  the  source.  The  frequencies  of  the  various  modes  are  determined  from 
the  previously  measured  mom  temperature  dielectric  constant  and  the  sample  dimensions.  In 
some  eases,  the  sample  length  must  be  shortened  to  change  the  resonant  trequency  into  the 
range  ot  the  source.  The  frequency  measurements  are  obtained  with  the  slotted  standing  wave 
line  which  is  used  in  the  standing  wave  method. 

Ihe  relationship  between  the  dielectric  constant  and  loss  tangent,  and  the  measured  param¬ 
eters  are  different  for  each  resonant  mode.  These  relationships  are  adapted  from  Reference 
lt>. 

3..">.  1,3  Transmission  Bridge  (HO  till/.) 

At  90  till/.,  tin'  wavelength  is  too  small  tor  waveguide  or  cylindrical  cavity  measurements 
to  be  practical.  A  transmission  bridge  was  used  for  these  measurements  (see  Figure  57).  The 
sample  was  positioned  in  a  light  pipe  waveguide  in  one  arm  ot  the  bridge.  In  the  other  arm,  a 
calibrated  attenuator  and  phase  shifter  was  used  to  bring  the  bridge  to  balance.  The  amount 
ot  attenuation  and  phase  shift  are  the  measured  parameters  from  which  the  dielectric  constant 
was  calculated.  Measurements  were  repealed  with  the  sample  position  moved  a  quarter  wave¬ 
length  in  the  light  pipe  in  order  to  average  out  the  effect  of  the  small  standing  wave  in  the  wave¬ 
guide. 


figure  57  Transmission  Bridge  for  ‘>01111/  Dielectric  Measurement 


3. >.3  UKSl  1  rs  OK  MKASVSRKMKNTS 
3.1.'-.  I  X-Hand 

UK  dielectric  properties  have  boon  measured  by  \V.  Wostphal  of  the  MIT  Laboratory  for 
Insulation  Hosoaroh  on  two  variations  ot  AD1.-4D0  at  X-band  (S..>  till/).  Tho  two  variations  ot 
tlu'  mate rial  are  tho  statulai'ii  3mm  ooll  ADI.—  IDO.  roprosontoil  In  a  spooimon  takon  trout  plato 
and  designated  by  that  number,  and  a  spooimon  takon  from  lino  woavo  (3  mm  ooll).  plato 
13  1-1.  Doth  ot  thoso  platos  wore  donsifted  by  tho  standa rd  ADI.—  IDtl  proooss  dovolopod  in 
Hoforonoo  1,  but  given  a  now  .uni  prospectively  improved  version  of  tho  silane  water  desensi- 
ti.ation  treatment  dosoribod  there.*  l'ho  two  spool  mens  had  in  both  oases  boon  exposed  to 
laboratory  air  and  humidity  environment  for  times  on  the  order  ot  several  days  -  more  than 
adequate  to  insure  stabilization  ot  tho  water  absorption  effort. 

I  loom  temperature  -  X')  measurements  were  made  on  oaeh  of  the  speeimens.  yielding  the 
results  ot  Table  30. 

I  \IU  I  .to.  ROOM  11  MIM  RATllRl  Dll- 1  1 1  I  RK  DATA  ON  STANDARD  AND  I  INI  VVI  \Vl 
ADL-IDb  ATS  5  GHz 


1 - 

Sample  No. 

Face 

K 

tan  delta 

1  IS -3 

1 

3 . 833 

.  004  13 

1 . 50  gm/ce 

- 

3.850 

.  004  08 

134-1 

1 

3. 930 

. 00573 

1 . 03  gm  ee 

•) 

3.  000 

. 00554 

The  spool  mens  were  oaeh  measured  first  with  one  fare  at  the  shorted  end  ot  the  waveguide 
(where  the  eleetrie  tield  is  zero)  and  then  switched  end  for  end  and  rotated  00  degrees.  This  is 
the  I  aeo"  designation  in  Table  30  and  is  a  simulant  test  for  homogeneity  and  anisotropy  efforts, 
whirh  are  ot  course  to  be  expected  m  this  composite  material. 

Standa  nl  weave  specimen  tls-3  was  then  fitted  with  a  silver  high  temperature  holder  and 
Us  dieleetrie  constant  and  loss  tangent  were  measured  by  the  standing -wave  method.  The  results 
are  given  in  Table  31. 

This  high  temperature  series  ot  measurements  began  with  the  spool  men  in  the  as-fabricated 
condition;  i.e.  ,  with  the  silane  water  "donsonsitization"  intact.  The  dieleetrie  constant  measure¬ 
ments  at  33V  in  the  silver  holder  are  within  0.03  of  the  values  in  the  unbound  condition,  while  the 
loss  tangent  indicated  by  this  second,  high  temperature  method  is  0.00-103.  as  compared  to 
0.00413  and  0.00408  for  the  unbounded  specimen  at  this  temperature. 

As  the  temperature  rises  above  the  100'V  point,  absorbed  water  and  the  silane  treatment 
itselt  are  driven  ott.  and  the  loss  tangent  falls  below  a  three  zeros  value  to  a  minimum  of 
0.00030  at  387V.  rising  to  0.00083  at  the  040V  point,  near  the  standard  denstfieation  process 
sintering  temperature  of  050V. 

*cf  Section  3.3.3  of  this  report  for  improved  silane  process  description. 
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I  Mil  *  U  DIELECTRIC  CONSTANT  AND  LOSS  TANGENT  OF  STANDARD  WtAVi  ADI  4IX. 

Si'HTMl  N  418-2  MEASURED  BV  ITU  STANDING  WAVE  METHOD.  22*>C  A!  S  5  GH/ 


T  CV) 

K  “ 

tan  delta 

•  »■> 

2.833 

0.  00492 

74 .  :> 

2.843 

0. 00320 

loti 

2.840 

0. 00207  t  0. 0002 

23  1 

2.820 

0. 00055 

| 

1  30-1 

2. 750 

0.  00049 

;is7 

2.800 

0. 00036 

I 

f>4  1 

•2.708 

0.  00047 

till) 

2. 774 

0. 00082 

$7.5 

2.  785 

_ _ _ _ _ 

0.00082  i 

_ 1 

l  |m>ii  cooling  in  tlu-  high  temperature  sample  holder  to  67.  ii",  this  same  low  value  ol 
0.00082  was  measured  tor  the  loss  tan.  This  data  poult  ean  obviously  not  be  taken  as  rcpresen- 
tative  ot  tlu'  ADI.— IDt!  material  at  room  temperature,  since  absorbed  atmospheric  water  vapor 
would  raise  tan  delta  well  above  0.01  in  a  few  hours  standing  open  to  even  the  laboratory  envi¬ 
ronment.  It  does  however  show  the  intrinsically  low  loss  properties  of  the  high  purity  Astro- 
quart/  fiber  and  the  purified  Ludox  colloidal  silica  matrix  material  ol  which  the  composite  is 
made. 

The  same  ADI. -ADO  sample  ot  -110-2  used  for  the  d-l OX.'  temperature  run  with  the  standing- 
wave  method  was  reduced  in  length  (2.880  from  2. .VI  cm)  for  dielectric  tilled  cavity  measure¬ 
ments  to  ItOOW  No  standing-wave  measurements  were  made  on  the  new  length;  but  as  a 
cavity  the  material  appeared  to  be  much  more  anisotropic  tor  electric  fields  perpendicular  to 
the  axis. 

The  results  ol  these  measurements  are  given  in  Table  32. 

During  the  temperature  run  the  lower  dielectric  constant  was  followed  with  occasional 
measurements  in  the  second  mode  showing  higher  dielectric  constant.  Initial  loss  decrease 
was  due  to  loss  ot  inadvertent  moisture  pickup  during  the  setup.  The  loss  tangents  tabulated 
include  coupling  loss  and  other  extraneous  imperfections  from  the  ideal  eavitv  walls.  These 
are  normally  evaluated  by  comparison  with  room  temperature  standing -wave  measurements. 
This  procedure  was  not  possible  he  re  because  of  moisture  sensitivity.  The  best  estimate  is 
obtained  by  comparing  the  minimum  losses  in  the  present  run  with  the  previous  run.  On  this 
basis  .0003  should  be  subtracted  I rom  all  tabulated  loss  values. 


I  VHI  t  32  Dll  UOVKU  CONSWSV  \\D  LOSS  VAND.t  NT  OH  STANDAKD  H  l  \\  I  \Dl  4I>6 
SmiMHN  4 1  S’  in  l  \\  UA  M  IT  HOD  10  1400'H' 


Mode  1 

Mode  2 

T  (°C1 

K 

tan  delta 

T  (°C> 

K 

tan  delta 

22 

2.  650 

.  00 153 

•>‘> 

2.8295 

.  00 196 

1  hour 

130 

2.8294 

.00122 

22 

2.  660 

.  00219 

199 

2.  826 

. 00096 

67*  6 

2.  658 

.  00202 

623 

2.832 

. 00079 

83.  r> 

2. 657 

.  00195 

731 

2,  S3  5 

.  00 126 

lit'-.  6 

2.  055 

. 00093 

1016 

2.  860 

. 00302 

123 

2.  654 

. 00093 

190 

2.  650 

.  00079 

252 

2,649 

. 0006 1 

300 

2.  652 

,  00066 

■111 

2,663 

.  00120 

429 

2.  665 

. 00096 

503 

2.673 

. 00062 

*'87 

2.  684 

. 00092 

735 

2.703 

. 00120 

790 

2.  709 

.  00 132 

835 

2.  714 

.  0016 

973 

2.  726 

.  0029 

1 100 

2.736 

.  0032 

1179 

2.741 

.  0036 

12.14 

2.  746 

.  0040 

1290 

2.  77 

.  0045 

1321 

2.79 

.  0048 

1400 

2.92 

.  0057 

NOTH:  Measured  by  the  dielectric  cavity  filled  method: 
specimen  heated  to  150°C  in  air  furnace,  then 
encapsulate*!  in  platinum  foil  holder  for  measure¬ 
ment.  (.Measurement  made  after  previous  run  to 
640°C  by  standing  wave  method, ) 


3. 5. 2. 2  Millimeter  Wave  24GHz.  Dielectric  Measurement  Results 

Two  antples  ol  AD1.-1DH  material  wore  measured  at  24 GHz  by  the  standing  wave  method. 

It  was  originally  planned  to  perform  these  measurements  by  the  resonant  cavity  method;  but  the 
range  ol  variation  ot  the  dielectric  constant  was  louml  to  be  too  large  to  allow  accurate  measure¬ 
ments  by  this  technique. 

Room  temperature  measurements  were  made  on  the  specimens  as  received,  with  the  im¬ 
proved  silane  water  desensiti/.ation  process,  after  standing  in  laboratory  ambient  air  lor  a 
minimum  ol  two  days. 

The  results  ol  these  measurements  are  given  below  in  Table  33. 

TABLE  3.!  ROOM  TEMPERATURE  (23°C|  D1EL1  CTRIC  DATA  ON  STANDARD  AND 
l  INEWEAVE  ADL-4R6  AT  24  GHz 

Bulk 

Density 


Sample  No. 

(gm/ce) 

Face 

Rotation 

K 

tan  delta 

As- H«  ceived 

118-2 

1 

H 

2.901 

0.0078 

(Standard 

1.54 

L 

2.840 

0.0088 

Weave  1 

2 

It 

2.915 

0. 0078 

1. 

2.S44 

0.0105 

424-1 

i 

H 

2.932 

0.  0092 

(Fineweave) 

1.3G 

I. 

2.  902 

0.0097 

o 

II 

2.930 

0. 0092 

I. 

2.892 

0.0103 

After  Oven  Drying  to  135°C  Overnight 

418-2 

1 

H 

2.  807 

0. 0055 

L 

2.838 

0.0070 

424-1 

i 

ii 

2.  848 

0.005S 

i. 

2.S11 

0.  0057 

The  "H"  and  "1." 

1  designations 

stand  for  "high" 

1  and  "low" 

measured  values. 

as  gener 

by  rotation  of  the  composite  sample  in  the  waveguide.  The  "Face"  designation  refers  to  measure¬ 
ments  with  each  of  the  cylinder  laces  placed  against  the  shorted  end  of  the  waveguide,  a  mea¬ 
sure  of  material  uniformity. 

After  this  measurement,  the  specimens  were  heated  to  135°C  overnight  to  remove  water 
vapor.  The  dielectric  measurements  were  then  promptly  repeated.  The  results  are  given  in 
the  second  part  of  Table  33. 

These  data  show  the  increased  significance  of  absorbed  water  at  the  24GHz  frequency,  as 
compared  to  the  8.5GHz  and  230MHz  measurement  frequencies  where  loss  tangents  of  as- 
received  ADL-4DG  did  not  exi  cod  o.ooi  . 


f 


-  -  ■■■  - 


* 


l'hu  dry  specimens  were  then  encapsulated  in  the  silver  hi^h  temperature  sample  holder 
and  measurements  were  performed  to  800V.  Both  samples  were  oriented  in  the  higher  dielec¬ 
tric  constant  direction. 

The  results  of  these  measurements  are  given  in  Table  34. 

The  specimens  were  allowed  to  cool  in  the  instrument  and  in  each  case  check  measurements 
were  made  near  room  temperature,  showing  much  lower  loss  tangents  after  high  temperature 
exposure.  Since  800V  is  not  a  high  enough  temperature  to  fuse  the  colloidal  silica  matrix, 
although  it  is  known  from  process  studies  to  cause  increased  sintering,  it  is  obvious  that  the 
effect  of  a  given  quantity  of  absorbed  moisture  is  much  more  significant  in  the  millimeter  wave 
band  than  at  conventional  radar  frequencies.  Although  the  loss  tangent  returns  to  a  relatively 
low  value  at  room  temperature  (0.002-0.003)  after  800V  tests,  the  intrinsic  loss  tangent  of 
the  dried  composite  is  still  significantly  above  the  comparable  value  measured  at  8.5  (111/., 

0. 00082. 


TABLE  .14  DIELECTRIC  CONSTANT  AND  LOSS  TANGENT  AT  24  GH/  OE  ADL-4D6 

STANDARD  AND  FINE  WEAVE.  BY  STANDING  WAVE  METHOD  TO  800“C 


T°C 

418-2 

K 

tan  delta 

T°C 

424-1 

_K_ 

tan  delta 

24 

2.  878 

.  0072 

25 

2.  866 

. 00816 

117 

2.  878 

.  0055 

149 

2.  866 

. 00357 

217 

2.  856 

.  0039 

195 

2.  862 

. 00244 

271 

2.841 

.  0023 

282 

2.  850 

.00110 

320 

2.  833 

.  0016 

358 

2.  845 

. 00085 

404 

2.  823 

.0018 

412 

2.  840 

. 00098 

496 

2.  813 

.  0020 

464 

2.  837 

. 00152 

546 

2.  809 

.  0021 

532 

2.  836 

. 00233 

698 

2.797 

.  0022 

665 

2.  846 

.  0023 

750 

2.  793 

.  0023 

702 

2.  851 

.  0021 

800 

2.  790 

.  0023 

733 

2.854 

.  0020 

95 

2.822 

.  0020 

800 

2.86 

.  0022 

1  36 

2.  81 1 

. 00259 
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4  1  IN  1  KOIH't'1  ION 

The  development  of  Improved  unteimu  «  mdow  muterkils  w  II h  NUllteient  strenpth  .mil  strum 
h>  failure  for  use  In  advanced  antenna  window  applications  Is  i  complex  lank.  These  materials 
uttli/e  complex  constituents  and  prwessinp  techniques  in  order  to  nehieve  the  desired  111' 
properties  as  well  as  sufficient  stnn-Uirnl  properties  to  pro\  tde  the  stnielural  Integrity  neees- 
sary  for  the  sueeesstul  applteatlon  ot  these  materials.  Purina  the  developinmit  ol  advanced 
materials  ol  this  tvpe,  i|iiestlons  (’onerally  arise  which  ran  he  enlepori.cd  as:  \\  hat  are  the 
potential  properties  of  the  given  material  system,  and  are  the  properties  hemp  measured  lor 
the  experimental  materials  truh  representative  ol  the  materials'  inherent  properties-,' 
truest  ions  of  the  above  type  ran  he  most  easily  addressed  through  analytical  studies  of  these 
jii ul  similar  material  sysloms. 

V\\c  en^ineerinn  serviees  he  mu  provided  in  the  current  study  are  directed  towards  pro¬ 
viding  an  interpretation  ot  tin*  properties  being  achieved  \\tll\  the  current  materials  and  hope 
IuUn  guidance  i  t-lalixf  ii>  whu  h  const ituent  failure  mechanisms  an*  (he  most  important 
relative  to  cent  rolling  tin*  ttnal  composite  pro|H*rties.  l>ata  correlations  with  properties  men 
surod  on  previously  constructed  Omniweave  materials  \\imv  utilized  to  establish  an  improved! 
srt  ot  in  situ  constituent  properties.  Since  tin*  material  properties  on  I'unvnt  antenna  window 
materials  slum  both  ditterences  m  tensile  anil  compressive  moihili  and  large  strains  to  failure, 
an  evaluation  ot  the  currenth  utilized  testing  techniques  was  made'  to  assoss  tin*  \  ability  ot  the 
tnoasurod  composite  properties. 

hn* leased  utilization  ot  three  directionally  relntoived  materials  tor  tln'rmal  protection 
systoin  appl lent  ions  has  resulted  in  standard  specifications  tor  xxeaxe  txpc,  fiber  dist  rilnit  ion, 
and  coarseness  ot  tin*  \x  eaves.  In  tin*  i-asc  ot  an  Omnixx rave  material  and  other  l  l>  and  :»  l> 

"•  axe  geometries,  a  standard  method  ot  characterizing  these  weaves  has  not  been  established. 

I  In*  basie  material  eonl  igu  rat  ions  and  controlling  goornet  ric  parameters  have  been  reviewed 
as  relating  to  the  Omniweave  material  and  a  recommended  approaeh  to  specifying  the  xxeaxe 
orientation,  liber  dist  rilnit  ion,  and  eoarseness  ot  the  xxoxen  material  has  been  proposed  herein 

4  AN  A  l  N  SISOI  SIM(  IMI  N  (ilOMI  VR\  \NI>  Hill  KNI  SS  I  I  I  HIS  IN 

Sll  H  A  Sll  H  A  itlMIUSin  I  NI  V\l  U  I  I  NSION  I  I  SI  S 

This  seetion  is  an  ('valuation  ol  the  rt'sults  shown  in  Figure  ;»S  (Figure  la,  bet  1)  on  tin* 
etlect  ot  sp(*eimen  geometry  and  thickness  on  the  tensile  strength  ol  A I  >  l  ll>g.  I'ln*  following 
xv as  summarized  alnnit  the  results  shoxvn  in  Finn  re  .»s 
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Figure  58.  Fltei't  ot  lUnimal  lcnsion  Spec i hum i  thickness  and  I  >pe  on  Measured 
Ultimate  Strength  of  AIM  40b 

1.  The  rectangular  specimens  generally  show  n  higher  strength  level  than  tlu-  round 
specimens  ami  tlv  strength  Increases  with  thickness. 

For  thi'  l  iHiml  specimens,  thu  opposite  behavior  is  displayed;  strength  dooroasos  as 
cross-section  I  no  ivasod. 

I'ho  general  oono lus ions  regarding  l ho  effects  of  s|H'oiin<Mi  geometry  and  thioknoss  upon 
lonsilo  strength  as  shown  in  Figure  :»8  worn  alt ribnted  to  machining  technhiues;  e.g.  .  cf- 
foots  of  machining  the  spoolmons  on  fiber  continuity.  In  linin'  to  maohino  a  r.Himl  cross 
section,  a  greater  number  ot  libers  are  out  to  shorter  lengths,  while  m  a  rectangular  cross 
section  a  larger  degree  of  continuity  exists  (ineffective  fiber  length).  Thus  a  reduction  in  the 
effective  load  carrying  capability  of  the  specimen  could  be  attrilmted  to  cut  fibers. 

1‘lie  ctfeot  id  liber  incllcctive  lengths  on  the  loail  carrying  capability  t»f  both  round  and 
rivtnngular  tensile  spivtmens  was  originally  investigated  in  Section  I.  1.  It  of  Heference  t 
1  he  evaluation  proeeilure  in  Heference  l  consisted  of  assuming  an  ineffective  region  around 
the  specimen  edge  for  both  geometries  and  calculating  a  ratio  of  A,,tt  A|U.tlm(  for  each.  Re¬ 
sults  ot  Heterence  1  indicated  that  the  edge  effect  wnuld  lie  greater  for  the  rectangular  speci¬ 
men*.  just  the  opposite  of  the  reported  test  results.  However,  a  closer  investigation  of  the 


*0.781!  effective  area  versus  0.S71I  for  the  circular  section 
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•vsults  of  Reference  1  indicated  that  tho  (A,.ff  A.u,tu.(1)  ratio  lor  tin-  circular  specimen  was 
computed  using:  tho  diameter  of  tho  specimen  and  not  tho  radius,  rhoroforo,  tho  oarroi't  value 
•or  A,,ff/  A.u.(u.,|  for  tho  oiroular  specimens  with  an  ineffective  length  of  0  Oil  inch  is  A  .,, 
'actual  (I’lro.t  0.  Tf>  1 1 .  as  compared  to  an  equivalent  rectangular  s|>eoimon  with  A , . , j  A.u.Ju.,| 
(Root  A  0 "s--  Ihoroforo  suggests  that  tho  inoffootivo  length  has  onl>  a  slighlh  larger 

otf.'i-t  on  thi>  oiroular  oross  soot  ion  specimens.  Howovor,  ill.'  difforonoos  between  tho  two 
spooimon  geometries  is  von  small,  thus  tho  tost  rosults  shown  in  Figure  :.S  should  ho  nearly 
'''l'livalont .  A  t  aim  hit  i*d  summary  of  tho  data  plottod  in  Figure  :.S  is  shown  in  lable  (table 
'-’I,  Hot.  1). 

It  .an  l>o  soon  in  lalilo  ,1..  that  a  (A AaotuaP  l**di.i  tor  oaoh  ot  tho  tost  sp.'oimoiis  has 

•'.'on  oaloulatod  assuming  an  inoffootivo  length  of  0.  o:t  inoh.  Nolo  that  tho  ultimato  tonsilo 

strengths  summarized  in  Table  ilf.  aro  lutsod  on  tho  aotual  oross  sectional  area  of  tho  tost 

specimen.  I'horoforo,  tho  ultimato  stresses  plotted  in  Figure  aS  (ami  tabulated  in  Table  :t:q 

must  lie  ratioo.l  by  tho  laotor  .  .  in  order  to  oomparo  rosults  on  a  one-to-one  area 

'oil  -'actual 

basis.  Tho  rosults  aro  shown  in  Figure  a!)  as  a  plot  of  S  (o.tuival.'iit  strength)  versus  spoci- 
men  oross  section  dituonsiou.  As  can  in'  soon  from  Figure  as),  the  effect  of  g  comet  ry  on 
ultimato  strength  is  apparently  still  clearly  visible. 

Alter  lu  rt  her  investigation  of  tho  results  shown  in  Vi  pure  aS,  it  was  determined  that  two 
diltoront  donsifio.it  ion  pr.vossos  wore  employed,  one  for  the  oiroular  speeimons  and  a  . I i f - 
torout  procss  for  tho  rectangular  specimens.  I'lio  circular  spooimons  wore  densified  via 
process  "A"  which  involved  infiltration  of  the  silica  Omniwonve  fabric  with  colloidal  silica 
alter  tho  lotion  removal  process;  while  tho  rectangular  spooimons  were  densified  via  process 
"It”,  in  which  a  silane  coupling  agent  was  applied  to  tho  uuart.-  Omniweave  fabric  after  teflon 
removal  and  prior  to  tho  lirst  .lonsiticati.in  cycle.  A  comparison  oi  tho  mo.iulus  of  rupture 
lor  each  ot  tho  above  mentioned  processes  is  shown  in  Figure  ill'  (Figure  :!•),  Hot  II  It 
.'.in  bo  so.'u  t roni  1- ipu ro  t.O  that  tli.'  mo.tuli  ot  rupture  tor  tho  process  "IV  specimens  aro 
approximately  l.fi  times  higher  than  that  obtained  for  the  pr.voss  "A”  specimens.  Flicro- 
loi-c,  it  is  reasonable  to  assume  that  tin-  tensile  strength  for  tho  process  "it"  spooimons  will 
bo  of  tho  same  order  of  magnitude  greater  than  tho  tonsilo  strength  ot  the  process  1  V  speci¬ 
mens.  It  one  reduces  the  curve  through  the  process  "IV  data  in  Figure  ail  by  a  factor  ot  ;i, 
it  is  seen  that  there  are  not  significant  diltoretioos  between  the  s.|iiaro  and  round  cross  section 
data.  The  differences  shown  in  Figure  i.'l  might  bo  contributed  to: 

1.  ltifforonoos  in  the  inoffootivo  length  (.S)  for  each  of  tho  specimen  geometries  (,S|  •'  ,y  n,l 

-•  Differences  in  tho  percent  fiber  content  in  each  of  tho  panels  Die  average  lilvr  vol- 
umo  fraction  for  the  process  "A"  panels  was  -  i.>  percent,  while  for  the  process  "IV 
panels  an  average  fiber  volume  fraction  of  la-ait  percent  was  observed. 


TABLE  35  TENSILE  TEST  SPECIMEN  COMPARISON 
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Figure  60  Results  of  Flexural  Screening  Tests  to  Determine  the  T fleet  of  Silane 
Coupler  on  the  Strength  of  AI)  1-41)6 


It  should  also  In'  pointed  out  that  Figure  58  contains  tensile  strength  data  for  bias  test  speci¬ 
mens.  Typical  differences  in  axial  and  bias  direction  modulus  measurements  should  show  approxi¬ 
mately  a  10  percent  increase  in  bias  direction  modulus  over  axial  modulus.  A  similar  comparison 
of  measured  differences  in  strengths  for  these  two  directions  is  more  difficult  to  compute,  but  it 
is  estimated  that  the  bias  direction  strength  should  be  on  the  order  of  15-20  percent  higher  than 
the  axial  strength.  Reference  17.  These  points  were  not  included  in  the  results  shown  in  Figure  55). 

In  conclusion,  it  may  be  stated  that  the  previously  unresolved  effect  of  tensile  specimen 
geometry  (circular  versus  rectangular)  on  the  measured  tensile  strength  of  this  material  has 
been  shown  to  be  of  secondary  importance  in  comparison  to  the  primary  effect  of  materials 
processing  parameters  and  scatter  in  the  data  for  these. 

The  rectangular  tensile  specimen  does  show  an  increase  in  indicated  strength  up  to  the 
0. 40  inch  thickness  dimension  used,  so  this  is  certainly  a  minimum  thickness  to  plan  on  using 
for  additional  Al)l  -  IDO  uniaxial  tensile  testing. 

The  thickness  effect  on  the  measured  tensile  strength  of  the  round  specimens  remains  un¬ 
resolved  and  complicated  by  the  process  difference  between  tin-  sets  of  speeinvns  used  in 
Reference  1.  Should  use  of  this  geometry  be  again  desired  (for  high  temperature  tensile  test¬ 
ing),  this  geometry  effect  will  have  to  be  resolved  by  comparison  testing  of  a  standard  process 
lot  of  material. 
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Analytical  correlation  of  predicted  composite  pro|>ertios  for  ADI.-4IX5  using  tin-  MSC- 
Xi  Al'  computer  program  with  that  of  actual  test  data  obtained  Iron)  Ifolorcncos  1  and  17  has 
been  made.  Analytical  correlation  of  predicted  composite  properties  with  test  data  can  serve 
several  purposes: 

1  Vrovide  a  cheek  on  constituent  properties  or  alternately,  provide  a  itieehatiism  for 
defining  a  set  of  constituent  properties  from  composite  test  data  through  data  cor¬ 
relation. 

2.  Serve  as  a  cheek  case  for  determining  the  accuracy  of  the  analytical  predictions 
for  various  weave  configurations. 

;i.  Data  enhancement.  After  correlation  is  achieved  with  a  limited  number  of  test  points, 
the  analytical  model  can  bo  utilized  to  predict  a  complete  set  of  composite  properties 
in  all  directions. 

The  silica  matrix  employed  in  the  ADI  -  IDO  material  cannot  be  produced  in  bulk  form 
using  the  same  process  used  in  the  densification  of  the  weaves.  Kven  if  it  could  be  made 
in  bulk  form,  one  could  not  be  assured  that  the  bulk  matrix  would  be  representative  of  the 
matrix  which  is  present  in  the  dons i tied  weaves.  Therefore,  the  intent  of  (his  analysis  was 
to  define  a  reasonable  set  of  constituent  properties  for  the  matrix  material.  Fiber  proper¬ 
ties  for  the  quartz  fibers  used  in  ADI  -  IDO  are  summarized  in  Table  00. 

Weave  characteristics  for  the  ADI  —IDO  material  tested  in  Reference  1  are  shown  in  Table 
Table  07  Data  correlations  presented  in  this  section  were  limited  to  test  results  obtained 
from  test  specimens  cut  from  panels  110-2  and  a  lull  (It .  I' .  only).  Results  ol  these  tests  have 
been  included  for  reference  purposes,  and  are  summarized  in  Table  08.  Because  of  the 
discrepancy  between  the  flexure  and  extensional  moduli,  analytical  correlation  is  limited  to 
the  tensile  test  results  shown  in  Table  08.  A  complete  explanation  of  these  differences  is  pro¬ 
vided  in  a  subsequent  section. 


; 


Referring  to  Table  07  on  ADI  —1D0  panel  characterization,  it  should  be  pointed  out  that 
the  surface  through  the  thickness  projected  fiber  angles  (STTA)  required  in  modeling  the  ma¬ 
terial  were  not  available,  l  ocation  of  the  tailed  specimens  for  the  purpose  of  measuring  the 
through  the  thickness  angle  (STTA)  turned  out  fruitless.  Surface  through  the  thickness  angles 
for  a  limited  number  of  specimens  tested  under  the  cur  rent  contract  were  available  and  arc 
shown  summarized  in  Tables  7  and  it.  Typical  surface  through  the  thickness  angles  of  21-00 
degrees  were  seen.  A  lower  limit  of  2a  degrees  for  the  through-the-thickness  angle  (STTA I 
was  assumed  in  the  subsequent  material  property  parametries.  It  should  be  pointed  out  that 
the  surface  through  the  thickness  angles  summarized  in  Tables  7  and  !)  were  used  solely  to 
provide  a  realistic  bound  for  the  subsequent  parametric  studies. 


Results  of  the  parametric  studies  for  the  ADI  -tnr  <  , 
-  72.  When  available,  composite  lest  dam  L 


table  37  adl-4l>6  panel  characterization 

( PANELS  DENSJFJED  VIA  PROCESS  B 


TABLE  38  UNIAXIAL  TENSILE  TEST  KESLL7S* 
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Correlation  of  predicted  comi>osite  proper! ios  with  available  tost  data  (Hof.  It  includes  the 
effect  of  variation  of  the  matrix  modulus  as  well  as  the  surface  through  the  thickness  fiber  angle 
on  resulting  composite  properties. 

It  should  be  noted  that  the  matrix  was  assumed  to  lx'  isotropic  and  have  a  Poisson's  ratio 
of  0.30.  The  results  are  shown  in  Figure  ill  (Hof.  It.  It  can  be  seen  in  Figure  til  that  the 
ottect  id  varying  the  surface  through  the  thickness  fiber  angle  has  onlv  a  minor  effect  on  tin 
composite  property  in  the  axial  direction  (1-direetiont.  Whereas,  a  much  larger  effect  is  seen 
in  the  transverse  direction  (3-direetion).  Furthermore,  it  can  be  seen  that  a  matrix  modulus 
in  the  range  of  1.85  to  3.0  msi  is  required  in  order  to  obtain  a  composite  modulus  of  1.41  msi 
in  the  1  direction  as  obtained  by  test.  The  corresponding  range  of  predicted  composite  trans¬ 
verse  properties  (F3)  is  shown  to  be  between  1.  14  and  1.85  msi.  However,  no  transverse  tests 
were  available  for  comparison.  Hiss  direction  tests  were  performed,  however,  with  test  re¬ 
sults  shown  in  Table  8s.  In  order  to  i  ompare  predicted  composite  prop,  riles  in  the  bias  direc¬ 
tion  with  test  data,  a  rotation  of  the  1  axis  into  the  bias  direction  (about  the  2-axis)  is  required. 
Results  of  this  rotation  on  composite  properties  are  shown  in  Figure  til  for  the  ease  in  which 
SPPA  ST  VA  .>0  degrees,  it  can  be  seen  that  the  predicted  bias  modulus  compares  reasonably 
well  with  test  data.  Thus,  the  following  set  of  constituent  properties  for  the  silica  matrix  as 
obtained  from  the  above  correlation  will  be  used  in  subsequent  analyses:  Fni  '  1.85  -  2.0  msi; 
»>m  0.3. 

An  attempt  to  compare  predicted  composite  properties  with  that  of  flexural  data  for  the 
weave  configuration  characterised  in  Table  33  (Hof.  171  was  made.  Once  again  it  etui  be  seen 
from  Table  33  that  the  surface  through  the  thickness  fiber  angles  for  each  specimen  were  not 
available.  Therefore,  the  same  approach  was  taken  as  for  the  previous  weave  (Figure  ttl)  in 
which  the  S  T  1A  was  allowed  to  vary  over  a  specific  range.  Constituent  properties  used  in  the 
analyses  consist  of  the  fiber  properties  summarised  in  Table  35  along  with  the  matrix  proper¬ 
ties  summarized  above. 

For  reference  purposes  the  results  of  the  flexural  tests  have  been  included,  sec  Table  40. 
Analytical  prediction  of  the  composite  properties  as  a  function  of  surface  through  the  thickness 
fiber  angle  are  shown  in  Figure  02.  Observe  that  a  surface  through  the  thickness  fiber  angle 
of  '-25  degrees  vs  required  to  compare  the  predicted  extensional  modulus  with  that  of  the  flex 
modulus  shown  in  Table  40  (Hof.  17).  It  can  be  seen  from  Figure  02  that  correlation  of  the 
flexure  data  with  the  transverse  extensional  modulus  is  very  poor.  This  lack  of  correlation 
in  the  transverse  direction  can  be  attributed  to  the  fact  that  flexure  data  for  this  material  is 
not  representative  of  the  extensional  moduli.  A  detailed  discussion  of  the  differences  between 
flex  and  tensile  tests  can  be  found  in  Section  4.0. 


TABLE  39  REFLECTIVE  HEAT  SHIELD  PANEL  CHARACTERIZ  ATION 


♦0.  7S2  effective  :i rea  versus 


0.  S7  1 l  for  fix-  el ivul nr  section 
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I.  I.  I  I  NTHODI'l'TION:  l-l)  FAI  I.UKH  MKlTI  AN1SMS;  FINDINGS  OF  A  STl’DY  ON  1-1) 
GKAI'IHTK  ' K POX V 

I  lie  lol  lowing  section  discusses  I  ho  governing  lailuiv  moi'liaiiisni.s  lor  n  l-l)  Oniniwoavo 
matcnal  and  how  llu*  composin'  strength  ran  bo  increased  by  impixiving  spoeilio  malorial 
propo  rtios . 

A  rooonl  study  (Koteroiico  Is)  showed  Dial  I  ho  govern  inn  initial  lailuro  niodo.s  lor  a  1-1) 
Oinimroavo  malorial  consist  ol  eilhor  transverse  lonsilo  lailuiv  ol  llu-  libor  bundlos  or  shear 
lailuro  ol  llu-  liber  bundlos.  depending  on  tin-  direction  ol  the  applied  load  as  well  as  the  pro¬ 
moted  liber  angle  ol  the  body  diagonals. 

•vpioal  plots  ol  strength  versus  promoted  angle  lor  a  l-l)  T-300/520S*  Oinimroavo  ma- 
tonal  as  obtained  in  liolerenoo  Is  are  shown  in  Figures  (id  thru  (id.  Projected  filter  angles  of 
*•'  degrees  are  shown  in  Figure  (17.  It  should  be  noted  that  the  projected  liber 

angle  lor  the  2-3  lace  is  held  at  la  degrees  so  that  the  surfaee  liber  proieeted  angle  (Sl’PA) 
on  the  1-3  laee  is  equal  lo  the  filler  protected  angle  on  the  1-2  face  (see  Figure  07) .  The 
point  at  whi eh  the  lailuro  inode  changes  is  vert  important  from  the  standpoint  ot  understanding 
the  ol  loots  improved  strengths  might  have  on  the  resulting  eomposite  strengths  in  the  various 
directions.  Take  for  example  the  three  eases  illustrated  in  Figure  (it.  11  can  be  seen  that  the 
only  way  ol  inereasiug  the  coni|x>sitc  strength  for  ease  "A"  (?)  t  would  be  by  increasing  the 
transverse  tensile  fiber  bundle  strength  up  to  the  point  at  which  the  shear  strength  governs 
failure  (?)  .  Any  additional  increase  in  transverse  tensile  liber  bundle  slreugth  without  a 
corresponding  increase  of  shear  strength  would  be  worthless  irom  the  standpoint  of  inereasiug 
tlm  composite  strength  m  llns  particular  direction.  However,  strength  improvements  in  other 
directions  may  lie  seen  depending  on  the  governing  lailuro  mode  tor  that  direction.  For  ease 
11  (f  iguto  till,  tin'  only  way  ol  increasing  the  composite  strength  won  Id  lie  by  improving  both 
llu-  transverse  tensile  strength  as  well  as  the  shear  strength  ol  the  liber  bundle.  For  ease 
0  .  increasing  the  shear  strength  ol  the  liber  bundle  will  result  in  a  corresponding  in¬ 
crease  in  coiii|iosito  strength  up  to  die  point  at  which  the  transverse  tensile  strength  ol  the 
lilier  bundle  governs  lailuro  0  Thus,  knowing  just  the  lailuro  mode  and  strength  ol  a  weave 
in  a  particular  direction  are  not  enough  when  one  is  investigating  which  constituent  pmperty 
improvements  are  required  in  outer  lo  increase  the  .strength  ol  the  composite  material  in  a 
pa  rticular  di  root  ion . 

Strength  paranietries  ol  the  typo  shown  in  Figures  (ill  thru  (hi  lor  a  l-li  T-3H0  .20S  Onim- 
woavc  material  can  tie  employed  tor  describing  Hie  lailuro  modes  pnilial  damage)  ol  X-l) 

*Kpox\  matrix 

t Num tiers  in  circles  refer  to  Figure  n;i. 
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Figure  63.  Tensile  Strength  Versus  Projected  Angle  for  a  4-D  1-300/5208  Material:  FVF  =  0  4 


Figure  65  Shear  Strength  Versus  Projected  Angle  for  a  4-D  T-300  520S  Material.  FVP  =04 


figure  07.  Unit  l  oll  Htimllos  lot  Different  Projected  \nglcs 

materials  in  general.  Additionalh  .  the  strength  parametrics  can  bo  used  to  bound  the  consti¬ 
tuent  properties  when  sufficient  tost  data  is  available  on  the  particular  weave  configuration  in 
various  directions.  The  following  section  on  "All  1,-1  DP  Strength  I'arumetnos"  describes  this 
procedure. 

■1.  1.2  ADl.-fDti  STHENl'.Tll  PAKAMKTHll'S 

Strength  predictions  for  the  ADI.— Mill  material  system  analyzed  in  this  stud\  takes  the  term 
of  parametric  studies  in  which  both  the  transverse  tensile  and  shear  strengths  of  the  liber 
bundle  were  varied  over  a  specific  range. 

Parametric  studies  of  the  type  presented  herein  can  be  employed  to: 

1.  Identify  critical  constituent  properties  which  attoct  oom|x>sito  properties  in  various 
directions. 

2.  Hound  constituent  strength  properties  given  composite  test  data  in  various  directions. 

Note  that  the  procedures  discussed  in  this  section  can  be  employed  for  am  \-H  material  in 
general.  Discussion  of  strength  predictions  for  the  AUl.-IDii  material  will  be  limited  to  that 
o(  Uniading  the  constituent  properties  given  composite  test  data. 

Two  versions  of  ADI  -UK!  were  examined.  The  first  weave  analyzed  was  that  of  the  l-D 
silica-silica  Omniwcave  used  lor  data  correlation  in  the  previous  section  (see  Table  ,'lSi . 

139 


. 

llesults  ol  the  parametric  studios  for  the  ADI.—  IDO  material  configuration  are  shown  in  Figu res 
(is  thru  72.  When  available,  composite  test  data  for  Al)l.— IDii  has  been  included  in  their  respec¬ 
tive  figures  (e.g. ,  Figures  69,  70,  and  72).  it  can  be  seen  in  Figure  69  that  the  minimum 
constituent  properties  necessary  for  predicting  the  composite  strength  obtained  from  tests  are 
as  follows: 

o  l  hsi  (Test  Datn)^ 

0  ,u  -  1.7-1.75  hsi  (Predicted) 
r  .  B. 

0  *  -2.75-2.8  ksi  (Predicted) 

o  %  0.7  hsi  (Predicted) 
in 

Note  that,  for  now.  the  above  strengths  are  referred  to  as  being  the  minimum  constituent 
strengths,  because  the  mode  of  failure  of  the  test  specimen  is  unknown.  Therefore,  additional 
test  data  in  the  other  directions  must  be  employed  to  bound  the  constituent  properties  and  thus 
identify  the  governing  failure  mode  for  each  loading  condition.  Minimum  constituent  proper¬ 
ties  required  to  obtain  the  shear  strength  observed  from  tests  (see  Figure  70)  are  summarized 
below: 


0  *3.65  hsi  (Test  Data) 

su  ~ 

0  -1.15  hsi  (Predicted) 

r  .  1». 

„  -2. 2-2. 4  ksi  (Predicted) 
r  .  B. 

o  -  t> .  » 5  ksi  (Predicted) 

m 

Mimimum  constituent  strengths  required  in  the  bias  direction  (see  Figure  72)  are  as  follows; 
«bi>ls  a  3.2  hsi  (Test  Data) 

Sll 

°  -  I..»  ksi  (Predicted) 

„  -2.75  ksi  (Predicted) 

o  -  0.45  hsi  (Predicted) 


Examination  of  the  minimum  constituent  strengths  required  for  the  three  directions  show  the 
following  relative  to  the  failure  mode  and  constituent  properties: 


t 


Note  that  the  weave  direction  corresponds  to  the  2-2  direction 


140 


f  igure  68.  Predicted  Strength  Parametrics  for  ADL-4D6  in  the  1-Direction  (Transverse  Direction! 


Parametrics  for  ADL-4D6  in  the  2-Direction  (Weave  Direction) 


redicted  Strength  Parametrics  for  ADL-4D6  in  Shear 


1,  Fiber  InimtU'  am)  matrix  strengths: 


«’  N"  -  l.7f>  ksi;  a  1  -  2.7.ri  ksi;  o  J  1.0  ksi 

I’.  II.  I  .  II.  m 

2.  II  ran  hr  scon  trom  Figaros  «;;* .  70.  and  72  Ilia!  composite  lailurr  in  riu'li  case  is  duo 
to  a  ronihination  of  Iransvorso  lihor  luindlo  lailurr  and  axial  shear  lihrr  bundle 
lailu  rr. 

Assuming,  the  constituent  strengths  (I)  lo  lie  acruralr.  \vr  ran  now  predict  I  ho  ronipositr 
strength  in  the  1 -direction  (see  Figure  US)  as  well  as  in  shear  (see  Figure  71).  Note  that  the 
composite  tensile  strength  in  the  1 -direction  is  governed  by  shear  ol  the  fiber  bundles.  Shear 
lailurr  also  governs  failure  in  the  2-:t  and  I  -2  planes. 

II  can  lie  seen  from  I  lie  above  example  that  bounds  on  the  constituent  properties  can  lie 
made  knowing  composite  strengths  in  various  directions.  Additionally,  the  mode  ol  failure  can 
lie  identified  for  composite  lailu iv  in  various  directions. 

It  should  be  noted  that  in  order  to  increase  the  composite  strength  in  the  weave  direction 
(2-2  direction)  one  ol  the  lollowing  must  occur: 

1.  Increase  in  the  transverse  tensile  and  axial  shear  strengths  ol  the  fiber  hu mile 

2.  Variation  ol  the  projected  liber  angles. 

Current  analysis  techniques  do  not.  however,  allow  for  the  strength  prediction  ot  multi¬ 
directional  materials*.  Therefore,  predicting  the  eltect  ot  projected  liber  angles  on  the  re¬ 
sulting  composite  strength  without  sufficient  test  data  would  lie  very  difficult. 

fcnsile  lest  data  generated  under  the  current  program  tor  a  line  weave  API  -  tlKi  panel 
are  summarized  in  Table  IP.  It  can  be  seen  I  nun  Table  IP  that  the  tensile  strength  lor  the 
fine  weave  material  (l.tiS  ksi)  is  .>0  percent  greater  than  the  tensile  data  ro|Kirlod  in  Helerenec 
I.  Holer  ring  to  Table  s  it  can  be  seen  that  the  fiber  projected  angles  lor  the  line  weave  ma¬ 
terial  (i.e.  .  SFPA  Up',  SIT  A  XT')  are  milch  less  than  lor  the  material  tested  in  IP7(I  (see 
Table  MS).  The  ditlerenee  in  tensile  strength  can  therefore  lie  attributed  in  part  to  the  dilfer- 
encos  in  projected  fiber  angles.  Thus,  it  can  lit*  stated  that  the  material  tested  muter  the  current 
contract  (Table  IP)  is  comparable  to  the  material  tested  in  1P7<1  (Kef.  1). 


‘Unless  constituent  strengths  arc  known. 
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•*  5  Si’l  l  It  U  Al  lON  01  4-1)  AND  S  I)  TRIIOKM  111  OMIT  Kll  S 


A  oomploto  physical  description  of  an  Omniwoavc  panel  requires  definition  of  a)  the  volume 
it  action  ol  tllicrs  in  the  panel,  b)  orientation  of  the  filx’rs,  and  c)  coarseness  of  the  weave, 
in  addition,  some  information  relative  to  the  variability  of  these  parameters  in  the  panel  should 
bo  specified.  Although  these  descriptions  are  relatively  straightforward  in  a  11-1)  orthogonal 
weave,  the  I  1)  and  5  D  class  of  Omniweave  materials  present  several  difficulties  which  must 
lx'  addressed.  Materials  Sciences  Corporation  provisos  that  the  following  approach  be  adopted 
to  provide  a  complete  description  of  Omniwoavc  materials. 

■I.  a.  I  VOl.UMK  FRACTION  Of  FIllKRS 

Witii  :i-l)  orthogonal  materials  it  is  customary  to  specify  the  volume  fraction  of  fibers  in 
either  one  of  two  ways.  The  volume  fractions  of  fibers  in  each  of  the  three  principal  directions 
can  be  specified  directly  or,  equivalently,  the  total  fiber  volume  fraction  in  the  composite  can 
lie  specified  along  with  the  distribution  of  fibers  in  each  direction. 

Kxamplo:  Stating  that  a  weave’  contains: 

10  percent  fibers  in  the  XI  direction, 

15  percent  libers  in  the  XL’  direction,  and 

25  percent  fibers  in  the  X.l  direction 

is  exactly  equivalent  to  stating  that  the  material  contains  50  percent  fibers  with  a  distribution 
of: 

20  percent  in  the  XI  direction, 

50  percent  in  the  X2  direction,  and 

50  percent  in  (In'  X:t  direction. 

In  the  case  of  Omniweave  materials,  it  is  suggested  that  a  minimum  of  confusion  will 
result  if  the  fiber  content  is  specified  as  the  total  volume  fraction  of  fibers  in  the  panel,  fol 
lowed  by  the  percentage  distribution  in  each  direction  if  required.  A  standard  I  D  Omni 
weave  panel  has  a  balanced  weave  such  that  25  percent  of  the  fibers  are  oriented  in  each  of 
the  diagonal  directions.  Therefore,  one  needs  only  to  define  the  total  filler  content  on  a  volume 
basis  to  know  how  the  fibers  are  distributed  in  the  panel. 

In  the  case  of  an  Omniwoavc  panel  with  additional  reinforcement  directions,  resulting  in 
a  .i-l)  or  (1-1)  material,  it  is  necessary  to  define  both  the  total  fiber  volume  fraction  and  the 
distribution  of  fibers.  The  best  approach  in  tills  case  would  be  to  examine  a  cross  section  of 
material  which  Is  porix'iidicular  to  the  additional  reinforcement  directions.  The  ends  of  the 
additional  reinforcement  yarns  will  form  a  repeating  pattern.  The  area  fraction  of  the  extra 
reinforcement  fillers  defines  the  volume  fraction  of  the  fifth  and  sixth  direction  reinforcement. 


T>u>  total  fiber  volume  fraction  minus  the  voliinii'  fraction  of  the  additional  directions  thus 
defines  the  volume  fraction  of  fibers  in  the  four  diagonal  directions.  Note,  however,  that  the 
area  fraction  of  fibers  in  the  additional  direction  must  he  utilized  and  not  (he  area  fraction  of 
the  bundle  of  fillers,  litis  latter  number  defines  the  prism  volume  fraction  of  the  additional 
reinforcements  and  not  the  filter  volume  fraction. 


flu*  prism  volume  fraction,  \  j’,  and  filter  volume  fraction,  vj.  In  a  given  direction  are 
related  through  the  volume  fraction  (or  equivalent l.v  area  fraction)  of  fibers  within  the  prism, 
Known  as  the  fiber  bundle  volume  Inaction  1''  "  tit  rough 

'■! 

litis  can  Ito  shown  rather  easily  since: 


f  Area  of  filter  A 

i  Area  of  cell  A 

c 

p 

P  Area  ot  bundle  prism  A 
'  i  Area  of  cell  A 


yFB  Area  of  fibers  In  bundle  prism  A 
i  Area  of  prism  7p 


\ 


f 

i 


Several  examples  of  4  It  and  fi -11  weaves  are  shown  in  Figures  Til  and  74.  Figure  7.')  gives 
a  theoretical  slice  of  a  I  -It  Omniwoavo  material  assuming  that  the  fibers  arc  parallel  to  a  unit 
oiilte.  (Orientations  of  the  diagonals  will  l to  discussed  subsequently.)  It  can  bo  shown  that  the 
prisms  of  tills  I  It  material  will  occupy  7a  percent  of  the  weave  volume.  Assuming  a  maximum 
theoretical  packing  of  fibers  within  each  prism  (about  '.'1  percent)  the  maximum  theoretical 
filter  volume  fraction  Ivcomes  t!S  percent.  Practical  current  weaving  techniques  result  in 
roughly  i'iIV  packing  of  the  fibers  w  ithin  the  fiber  bundle.  I'luis,  the  practical  fiber  content 
for  tills  material  is  about  la  percent. 


Figure  71  shows  a  a  It  material  which  was  derived  from  Figure  7.1  by  removing  pairs  of 
diagonal  fibers,  which  results  in  an  area  for  four  /  bundles  of  the  same  cross  sectional  area 
as  the  diagonal  fillers.  A  repeating  element  is  identified  in  Figure  74.  It  can  be  seen  that  the 
/bundles  occupy  2a  percent  of  the  area  of  the  repeating  pattern.  The  volume  fraction  of  / 
direction  fillers  can  lie  defined  by  knowing  the  area  of  the  repeating  pattern  plus  the  number  of 
Z  filters  within  each  Z  bundle  and  the  cross  sectional  area  of  each  fiber.  The  as  woven  panel 
density  defines  the  total  filler  volume  fraction  and  the  above  procedure  defines  the  /  direction 


lift 
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fihor  volume  fraction,  thus,  flic  total  fiber  volume  fraction  of  diagonal  fibers  is  the  differ¬ 
ence  between  the  alx.ve  two  quantities. 

Figure  7a  shows  tlic  excellent  correlation  between  the  theoretical  fiber  bundle  configura¬ 
tion  in  a  4-1)  material  and  an  actual  configuration  of  material. 

4.5.2  ORIENTATION  OF  FIBERS  WITHIN  PANEL 

An  accurate  description  of  the  orientation  of  the  fibers  within  ;ut  Omniweavo  panel  Is 
Important.  It  has  been  shown  in  previous  studies  that  die  resultant  composite  properties  are 
sensitive  to  the  internal  fiber  orientations.  Three-dimensional  orthogonal  weaves  contain 
fiber  bundles  which  arc  parallel  to  orthogonal  coordinate  systems  and  arc  therefore  rather 
easy  to  specify.  The  diagonal  fibers  in  an  Omniweave  material  are  parallel  to  the  diagonals 
of  a  pnrallolopi[iod,  as  shown  In  Figure  7(i.  The  fibers  need  not  be  orthogonal  to  one  another 
or  to  an  easily  identified  direction  in  the  panel.  Therefore,  the  identification  of  the  true  fiber 
orientations  is  somewhat  difficult. 

Since-  the  fibers  are  parallel  to  the  diagonals  of  a  parallelepiped,  the  characteristics  of 
the  parallelepiped  can  be  utilized  to  define  the  fiber  orientations.  In  particular,  the  orienta¬ 
tions  ot  the  face  diagonals  of  the  parallelepiped  represent  the  orientation  of  the  body  diagonal 
direction  projected  to  the  faces  of  the  parallelepiped.  Definition  of  tire  orientations  of  the 
face  diagonals  on  two  planes  also  delines  the  complete  shape  of  the  parallelepiped.  Since  the 
nature  of  the  Omniweavo  weaving  process  orients  the  parallelepiped  parallel  to  tin-  surfaces  of 
the  woven  panel,  the  projected  liber  angles  on  the  surfaces  of  the  panel  identify  the  face 
diagonal  directions.  Therefore,  die  projected  fiber  angles  should  be  utilized  to  define  the 
fiber  orientations  within  the  panel. 

Ihe  two  projected  liber  angles  which  arc  most  readily  obtainable  are  on  the  surface  of  the 
panel  and  on  the  side  of  the  panel  where,  in  both  cases,  the  fibers  reenter  the  pjun'l.  In  order 
to  avoid  confusion,  these  angles  should  be  measured  relative  io  the  weaving  direction.  Once 
defined,  the  projected  fiber  angles  provide  a  description  of  the  characteristic  parallelepiped 
and  hence  the  true  fiber  orientations  can  be  determined,  if  necessary. 

A  word  of  caution  is  necessary  relative  to  measuring  the  projected  fiber  angles  on  the 
surface  of  a  panel.  During  the  weaving  process,  as  a  filter  bundle  exits  the  panel,  it  is  re¬ 
entered  as  a  diagonal  fiber  entering  the  panel.  Thus,  small  loops  of  fiber  bundles  exist  on 
the  surface  of  the  panel  which  connect  pairs  of  diagonals.  These  reentrant  fiber  loops  make 
an  angle  on  die  surface  of  the  weave  which  is  not  the  projected  fiber  angle. 

Ihe  above  Is  Illustrated  In  Figure  77.  All  ot  the  bundles  labelled  with  similar  numbers  are 
parallel  to  one  another.  Bundles  "1"  and  "2"  form  a  pair  of  diagonals  which  lie  In  the  same 
plane.  Figure  77  is  taken  as  a  slice  of  material  just  below  the  surface.  In  the  actual  weave, 
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figure  ’7.  Cross  Soot  ion  of  4-D  Weave  Slum  inn  liber  Path 


the  fibers  in  bundle  "1"  would  reenter  the  panel  in  bundle"’.!"  as  shown  by  the  "loop"  formed  on 
the  surface.  Clearly,  the  fiber  projected  angle  for  bundles  "l"  and  "2"  is  measured  as  indi¬ 
cated  in  Figure  77  as  (lie  angle  between  adjacent  bundle  "2"  and  the  weaving  direction  ;uu!  not 
the  .ingle  mad*'  between  the  weaving  direction  and  the  fiber  direction  in  the  loop  of  the  ma¬ 
terial. 


It  is  believed  that  the  line  formed  by  sides  of  a  row  of  surface  loops  Is  indeed  the  pro¬ 
jected  line  of  the  diagonal  fibers.  I'his  line  should  be  utilized  to  define  the  fiber  orientation, 
litis  point  could  be  easily  verified  by  measuring  the  projected  fiber  angles  on  the  surface  of  a 
panel  and  then  machining  atvay  the  outer  material  loops  and  remeasuring  the  projected  filter 
tingle  using  the  line  connecting  the  sides  of  the  fiber  bundles  to  define  the  orientation.  It  is 
suggested  that  this  exercise  be  carried  out  on  a  small  specimen  of  material  to  verify  th  t 
one  can  indeed  utilize  surface  measurements  to  define  the  internal  fiber  orientation. 

4.5.3  DEFINITION  OF  I'll K  COAKSF.NESS  OF  WEAVE 


In  all  multidimensional  weaves  the  coarseness  of  the  weave  is  an  important  parameter. 
Coarseness  (usually  termed  unit  cell  size!  defines  the  number  of  repeating  volume  elements 
which  will  exist  over  a  given  area.  It  is  desirable  to  maintain  a  maximum  number  of  unit 
cells  in  a  test  specimen  cross  section  to  minimize  edge  effects.  Additionally,  it  Is  generally 
desirable  to  maintain  a  small  unit  cell  dimension,  fine  weave,  to  provide  a  more  uniform 
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surface  under  service  recession  conditions.  However,  cost  of  manufacture  Is  a  strong  func¬ 
tion  of  unit  cell  dimension  and  therefore,  from  a  cost  standpoint,  it  is  desirable  to  maintain 
tlie  weave  as  coarse  as  possible.  In  orthogonal  materials  the  number  of  bundles  which  must 
be  handled  varies  with  the  cube  of  the  unit  cell  dimension.  Since  weaving  costs  are  propor¬ 
tional  to  the  number  of  fiber  bundles  which  must  be  placed  in  the  material,  it  is  easy  to  see 
why  cost  is  a  strong  function  of  the  fineness  of  the  weave. 

In  3-D  orthogonal  materials  the  unit  cell  is  readily  defined  by  the  weave  spacing.  A 
repeating  volume  element,  or  unit  cell,  is  easily  identified  as  shown  in  Figure  78.  However, 
in  4-D  materials  it  is  not  possible  to  remove  a  repeating  volume  element  of  s  bn  pic  dimensions. 
Examining  Figure  73,  it  is  clear  that  one  cannot  draw  a  simple  rectangle  which  encompasses 
the  four  fiber  bundles.  As  one  follows  the  fiber  bundles  through  the  thickness,  Figure  73,  it 
is  clear  that  if  a  simple  rectangular  shape  were  chosen  to  outline  four  fiber  bundles,  then  as 
one  penetrates  the  material,  by  the  time  the  same  bundle  pattern  is  repeated,  the  top  bundles 
would  have  exited  the  rectangular  area  and  new  bundles  would  have  entered.  Therefore,  a 
simple  description  of  the  coarseness  of  a  4-11  weave  which  corresponds  to  a  unit  cell  descrip¬ 
tion  is  not  possible. 
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It  is  necessary  then  to  define  a  dimension  which  will  l>e  a  characteristic  dimension  of  the 
coarseness  of  the  weave.  Additionally,  a  dimension  should  be  chosen  such  that  it  can  be  iden¬ 
tified  from  the  surface  of  the  panel  without  requiring  slicing  of  material.  Several  options 
exist  which  will  be  discussed  below. 

For  the  5-D  material  shown  in  Figure  71 ,  the  dotted  lines  clearly  indicate  the  charactoris- 
t  c  dimensions  of  the  weave.  These  dimensions  would  be  a  natural  choice  since  they  represent 
the  /  to  Z  spacing.  However,  if  the  Z  bundles  were  removed  and  replaced  with  diagonal  fibers, 
without  changing  any  bundle  dimensions,  one  arrives  at  Figure  73 .  If  the  same  characteristic 
dimension  were  applied  to  Figure  73 ,  it  is  found  that  the  resulting  area  contains  two  each  of 
the  diagonal  fiber  bundles,  and  not  one. 

It  appears  appropriate  to  utilize  several  characteristic  dimensions,  depending  upon  tire  type 
of  weave.  For  a  4-D  weave  the  dimension  across  a  pair  of  diagonals  is  both  easily  identified  and 
is  a  direct  measure  of  the  coarseness  of  the  weave,  see  Figure  77.  This  dimension  is,  in  fact, 
the  dimension  across  the  loops  of  yarn  on  the  surface  of  the  panel.  Although  a  square  of  this 
dimension  does  not  enclose  all  four  fiber  bundles,  it  is  a  direct  measure  of  the  size  of  the 
fiber  bundles  and  is  thus  a  measure  of  the  coarseness  of  the  weave. 

In  the  case  of  panels  reinforced  in  a  fifth  direction  or  more,  tire  specifications  should  in¬ 
clude  the  center  to  center  spacing  of  the  additional  reinforcement  bundles  as  well  as  the  dimen¬ 
sion  across  a  jxii r  of  diagonal  fiber  bundles. 

As  in  the  case  of  measuring  fiber  orientations  from  the  surface  of  a  panel,  there  is  some 
uncertainty  relative  to  the  relationship  between  the  dimension  across  a  surface  loop  and  the 
actual  dimension  across  a  pair  of  diagonal  fibers.  The  accuracy  of  measuring  this  dimension 
from  the  surface  should  tv  checked.  This  can  be  done  at  the  same  time  as  the  angle  measure¬ 
ments  are  checked  by  measuring  the  distance  across  the  surface  loops  at  the  surface  and  then 
removing  the  surface  material  and  remeasuring  the  dimension. 

4.5.4  VARIABILITY 

A  complete  understanding  of  tiro  properties  of  Omni  weave  panels  requires  some  knowledge 
of  the  variability  of  the  weave.  Ideally,  the  statistical  properties  of  each  of  the  pertinent 
parameters,  fiber  volume  fraction,  fiber  orientation,  and  coarseness  of  weave  should  bo 
known.  For  the  current  material  development  programs,  perhaps  the  effort  required  to  define 
the  statistical  variability  of  the  various  parameters  is  unwarranted.  However,  at  a  minimum, 
an  attempt  should  bo  made  to  characterize  each  panel  by  defining  the  mean  value  and  range  of 
each  parameter,  this  can  bo  most  easily  accomplished  in  terms  of  fiber  orientations  and 
weave  coarseness. 


The  weaving  process  sometimes  results  In  a  variation  in  fiber  tingles  which  is  fairly  uni¬ 
form  through  the  thickness,  but  varies  across  the  panel.  Some  definition  of  this  variation  is 
required  along  with  identification  o*  the  location  where  specimens  are  removed. 

At  the  current  stage  of  antenna  window  material  development,  it  is  important  to  identify 
the  sources  of  material  variability. 

The  4-D  and  5-D  portions  of  preform  No.  42(1  will  be  used  as  an  example  of  how  the  Omni¬ 
weave  material  should  be  specified.  The  preform  densities  have  not  yet  been  measured,  but 
will  be  assumed  to  be  1.0  gm  ec  for  the  purpose  of  illustration.  Since  the  fiber  density  is  2.2 
gm/cc,  this  implies  that  the  preforms  (A),  (B),  and  (C)  each  contain  a  total  of  45.4  percent 
fibers  by  volume. 

The  4-D  portion  of  tills  panel,  426-A,  described  in  Table  2  contains  one-fourth  of  the 
fibers  in  each  of  the  diagonal  directions,  thus  it  is  a  balanced  4-D  weave  containing  45.4  per¬ 
cent  fibers  by  volume.  The  through  the  thickness  fiber  angles  were  not  determined  in  Table  2, 
thus  the  fiber  orientation  can  only  be  described  as  having  projected  fiber  angles  on  die  panel 
surface  of  3S  percent. 

The  5-D  section,  420-B,  contains  40  roving  ends  in  each  of  die  diagonal  directions  and  12 
roving  ends  hi  die  fiftli  direction.  Thus,  a  repeating  cell  contains  172  yarn  ends.  This  weave 
is  defined  by  stating  dint  it  contains  45.4  percent  fibers  widi  a  fiber  distribution  of  23.  20 
percent  in  each  of  die  4-D  directions  and  0.  OS  percent  in  the  fifdi  direction.  The  diagonals 
have  a  projected  angle  on  die  surface  of  the  panel  of  31  percent.  Again,  die  fiber  orientation 
dirough  die  thickness  of  the  panel  is  not  given  in  Table  2. 

The  final  5-D  section,  426-C,  contains  40  roving  ends  in  each  diagonal  direction  and  20  rov¬ 
ing  ends  in  die  fifdi  direction.  Thus,  die  repeating  cells  contain  ISO  yarn  ends.  This  weave 
is  defined  by  stating  that  it  contains  45.4  percent  fibers  with  a  fiber  distribution  of  22.22  per¬ 
cent  in  each  of  die  4-D  directions  and  11.  12  percent  in  the  fifth  direction.  The  diagonals  have 
a  projected  angle  on  die  surface  of  30  degrees.  The  fiber  orientation  through  die  thickness  of 
die  panel  is  not  given  in  Table  2. 

Along  widi  die  above  data,  diese  weaves  should  be  further  specified  by  defining  the  spacing 
across  die  diagonal  pairs  of  fibers  as  well  as  the  spacings  between  the  fiber  bundles  in  the  fifth 
direction. 

The  above  characterization  data  is  tabulated  in  Table  41  along  with  the  additional  data  re¬ 
quired  to  fully  characterize  these  weaves. 
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TABU  41  CHARACTERIZATION  OK  OMNIWEAVl  I’RLIORM  NO  426 


426 


Parameter 

A 

B 

C 

Weave  Design 

4-D 

5-D 

5-D 

Fiber  Type 

Astroguartz  •-  Type  5  52 

Rov i ng 

Roving  End  Count 

40 

40/12 

40/20 

Fiber  Finish 

Teflon 

Cell  Size  - 
Across 

Diagonals  (mm) 

3 

5-D  Yarn  Spacing  (nun) 

- 

TBD /TBD 

TBD/TBD 

Vv'oven  Dimensions  (nun) 

1.3x4.5x12 

1 . 6x4 . 5x10 

1 . 8x4 . 5x4 

Volume  (cu.  in.) 

70 

72 

32 

As  Woven  Bulk 

Density  (gm/cc) 

1 .0* 

1 .0* 

1.0* 

Avg.  Weave  Face 

Half  Angle  (Deg.) 

O 

X 

X 

31° 

30° 

Avg.  Weave  Through 
Thickness 

Half  Angle 

TBD 

TBD 

TBD 

Total  Fiber  Volume 
Fraction  (Vol  % ) 

45.4 

45.4 

45 . 4 

Fiber  Orientation  % 

4-D  (Total ) /5-D 

100% 

93.02%/6.98% 

88 . 88%/l  1 

4  6  OMNIVV1  AVI'  ANI  I  NNA  WINDOW  MAI  I  KIAI  Ml  l  HANK  Al  I  I  SHNO  I  I  t  IINK.HH  S 


Tho  tost  mot  hods  currently  being  utilized  to  (>valu:ito  tlio  antenna  window  materials  have 
been  rovtowod.  In  particular,  tho  usofnlnoss  of  floxuro  testing  has  boon  addrossod.  Some 
dlfforonoos  between  floxuro  and  tensile  tost  data  Imvo  boon  roportod  for  those  materials,  thus 
making  it  desirable  to  determine  if  tho  dlfforonoos  were  real  material  differences  or  simply 
apparent  differences  which  resulted  from  test  teehnUpies. 

During  material  development  programs  it  is  advantageous  to  have  simple  test  teehnUpies 
which  require  small  volumes  of  materials,  yet  can  provide  reasonable  estimates  of  elastic 
properties  and  strengths.  Karly  antenna  window  materials  were  brittle,  with  a  very  small 
strain  to  failure.  Thus,  flexure  tests  offer  an  economical  means  of  obtaining  modulus  and 
strengths  for  this  class  of  material.  Therefore,  flexure  tests  wen-  initially  utilized  in  place 
of  tension  tests  in  I  he  early  antenna  window  material  studies  (i.e.  brittle  materials).  However, 
as  the  development  of  these  materials  progressed,  the  strength  as  well  as  the  strain  to  failure 
has  lieen  continually  Improved. 

It  is  appropriate  at  the  current  stage  of  material  development  to  reexamine  the  material 
pro|H'rties  obtained  through  floxuro  tests  in  light  of  the  improved  strain  to  failure.  A  discussion 
of  the  use  of  the  flexure  test  as  an  approximation  (or  substitute)  to  the  tension  test  is  discussed 
in  the  following  paragraphs. 

The  ASTM  flexure  test  (Hot.  U'\  originally  developed  for  plastics,  is  becoming  more  and 
more  commonly  used  to  measure  the  floxuro  modulus  and  flexure  strength  of  fiber  reinforced 
composite  materials  which  have  different  (and  sometimes  nonlinear)  stress-strain  curves  under 
tension  loads  than  under  compression  loads.  Such  materials  a  re  considered  multimodulus 
materials.  Key  limitations  of  the  ASTM  flexure  test  arc:  a)  applicable  only  to  materials  with 
the  same  modulus  under  both  tension  and  compression  loading,  and  b)  limited  to  materials  for 
which  tin'  stress  is  linearly  proportional  to  strain  up  to  the  imint  of  rupture  and  for  which  the 
strains  are  small.  If  the  alwive  two  criteria  are  met,  then  the  properties  obtained  from  a 
flexure  lest  can  bo  related  to  tensile  lost  results. 

The  standard  AS  I'M  flexure  test  for  plastic  materials  (lief.  10),  is  that  of  a  rectangular 
cross  section  beam  subjected  to  either  a  .'(-point  or  a  4-point  transverse  load.  If  the  tension 
and  compression  moduli  are  the  same,  then  the  flexure  modulus  is  a  redundant  method  for 
measuring  the  young’s  modulus,  and  if  the  tension  strength  is  equivalent  to  the  compression 
strength,  then  the  flexural  strength  is  a  redundant  way  of  measuring  the  tensile  strength  of  the 
material.  If  the  moduli  and  or  strengths  are  different  In  tension  and  compression,  then  the 
flexural  strength  calculated  with  the  ASTM  equations  is  neither  the  compressive  strength  nor 
the  tensile  strength.  Thus,  the  Interpretation  of  the  apparent  flexural  strength  is  difficult  for 
many  materials. 
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Figure  8 1  Comparison  of  Test  Data  Versus  Predicted  Flexure  Modulus 


figure  74  Cross  Section  of  5-1)  Material 
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The  current  flexure  specimen  geometry  has  Ivon  analyzed  to  assess  its  validity  for  the 
following  two  cases: 

1.  Tension  ami  eotnpression  moduli  assumed  equal  and  (he  stress  is  linearly  proportional 
to  strain  up  to  the  |x>int  of  rupture;  and 

- .  Tensile  and  compressive  moduli  assumed  different,  as  well  as  nonlinear  stress-strain 
response  of  the  material. 

To  aid  in  the  verification  ol  the  test  s|x'cimen  for  the  two  eases  mentioned  above,  a  finite 
element  model  of  the  specimen  was  utilized  (see  Figure  SL’).  Test  runs  using  the  SAAS  finite 
element  computer  code  were  made  using  typical  I  I'  material  properties.  Results  for  the  two 
eases  are  shown  in  Figure  83,  as  bending  st ress. versus  thickness  at  the  center  of  the  specimen 
cross  section.  It  can  tie  seen  from  Figure  911  that  the  maximum  tensile  stress  predicted  for 
either  of  the  two  eases  were  within  t  la  percent  of  that  calculated  using  beam  theory  (assuming 
equal  tensile  and  compressive  moduli).  However,  it  should  be  noted  that  the  material  prop¬ 
erties  were  assumed  to  be  linear  elastic  to  failure.  Therefore,  the  results  of  Figure  H3  are 
not  too  surprising.  The  major  problem  arises  when  the  stress  strain  response  for  the  material 

is  very  nonlinear.  For  this  raise  the  count  ion  used  to  calculate  the  modul  -s  of  rupture  (o  ) 

mot- 

no  longer  holds  true.  Since  the  current  materials  are  not  linear  and  liehavo  differently  in 
tension  and  compression,  it  is  recommended  that  tension  tests  be  utilized  for  the  purpose  of 
obtaining  the  tension  modulus  and  strength  while  the  flexure  test  be  utilized  as  a  quality  control 
test  for  the  evaluation  of  different  densifieation  processes.  Flexure  tests  can  lx-  utilized  to 
provide  a  qualitative  ranking  of  the  effects  of  different  process  cycles.  However,  once  a  densi 
fication  process  is  selected,  sufficient  material  should  be  fabricated  to  permit  standard  tension 
and  compression  test  specimens  to  be  utilized  to  obtain  engineering  pro|x'rties  of  the  material. 
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4  7  CONCLUSIONS  FROM  MICROMECHANICS  ANALYSIS 


This  study  of  tost  methods,  constituent  properties,  :utd  window  material  characteristics 
has  yielded  the  following  conclusions: 

1.  The  differences  between  square  and  round  cross  section  geometries  which  were  thought 
to  be  significant  in  the  previous  program,  were  not.  The  differences  in  test  data  were 
tlue  to  processing  differences  of  the  specimen  tested  with  only  perhaps  very  small 
specimen  geometry  effects. 

2.  Data  correlations  with  the  previous  ADL-4D6  specimens  were  reasonably  consistent 
and  resulted  in  a  better  definition  of  constituent  matrix  properties. 

:t.  The  strength  parametric  studies  have  provided  a  foundation  from  which  various  test 
data  on  composites  can  be  utilized  to  define  the  individual  constituent  strengths.  The 
available  test  data  were  utilized  to  estimate  constituent  strengths.  The  results  indicate 
that  improvements  in  composite  axial  strength  can  be  achieved  by  improving  the  fiber 
bundle  shear  strength. 

The  significant  results  of  the  strength  parametrics  which  have  been  generated  are  that 
one  can  define  relative  amounts  of  constituent  strength  improvements  which  can 
effectively  be  utilized  to  increase  composite  strength. 

4.  The  4-n  class  of  Omni  weave  configurations  hare  boon  reviewed  carefully  and  recom¬ 
mendations  have  been  made  for  material  specification  which  will  (x-rmit  a  complete 
identification  of  the  weave  in  terms  of  fiber  content,  orientation  and  weave  coarseness. 

5.  The  results  of  the  evaluation  of  current  testing  techniques  indicate  that  flexure  tests 
should  be  utilized  to  qualitatively  rank  the  effects  of  various  densiftcation  processes 
when  small  amounts  of  material  are  available.  Material  design  data  and  engineering 
properties  should  be  obtained  through  the  more  conventional  tensile  and  compression 
tost  specimens. 
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5  PART  1:  MULTIDIRECTIONAL  REINFORCED  FIBROUS  COMPOSITES 
CONCLUSIONS  AND  RECOMMENDATIONS 


5  PARI  I  MULT IDIRLiTIONAL  KfclNIOKl Hl>  HBROUS COMPOSITES 
CONCLUSIONS  AND  RK OM  u  Nl) AI  IONS 


5  1  CONCLUSIONS 

1.  Particle  impact  tests  with  0.5  and  1.0  millimeter  glass  spheres  at  10  degree  incidence 
have  shown  the  standard  ADI.-4D6  silica-silica  composite  to  have  the  highest  erosion  resistance 
in  the  8  to  12  Kfps  FNNK  HMDI  velocity  range  of  any  hardened  antenna  window  material. 

2.  A  "fine  weave"  version  of  the  Astroquartz  fused  silica  -10  preform  has  been  produced 
by  the  Omniweave  process.  Fabrication  of  this  fine  weave  with  12  end  yarn  in  place  of  the 
standard  20  ends  presented  no  disproportionate  difficulty.  Preforms  with  major  cell  dimension 
of  2mm  (as  compared  to  3mm  for  the  standard  weave)  were  densified  by  the  standard  ADL-4D6 
process. 

Flexural  strength  tests  showed  equivalent  mechanical  strength  and  elastic  properties  com¬ 
puted  to  the  standaid  weave  material;  while  unaxial  loading  tensile  tests  showed  an  improvement 
of  40-60  percent  in  measured  value,  establishing  a  mean  in  excess  of  5000  psi. 

Flyer  plate  impact  tests  showed  improved  spall  resistance,  nominally  9,000  taps  for  the 
threshold  of  backfaee  spall  damage. 

3.  A  comprehensive  study  of  ADL-4D6  densifieation  process  variations  has  been  carried 
out  to  assess  the  effect  of  fiber  surface  preparation,  colloidal  silica  densifier  particle  size  and 
chemistry,  and  heat  treatment  temperature.  Using  flexural  strength  tests  as  the  primary  dis¬ 
criminant,  no  improvement  in  strength  has  been  demonstrated  over  the  standard  ADL-4D6 
material. 

However,  the  influence  of  several  process  variables  on  the  strain-to-failure  and  composite 
fracture  mechanism  is  evident: 


Deletion  of  the  teflon  coating  stop  before  initial  colloidal  silica  infiltration  resulted 
in  composites  with  "ideal"  fracture  surfaces  and  a  flexural  tension  surface  strain-to- 
failure  well  in  excess  of  1.44  percent. 

A  specimen  densified  by  the  acid-stabilized  process  had  a  flexural  tension  surface 
strain-to-failure  which  apparently  exceeded  2.0  percent.  A  higher  composite  bulk 
density  of  1.64,  in  contrast  to  the  nominal  1.60,  was  also  achieved. 

These  strain-to-failure  and  composite  failure  mechanism  improvements  have  their  greatest 
implication  for  environmental  performance  properties  such  as  plate  spall  and  particle  impact. 
The  effect  of  density  on  particle  erosion  of  ADL-4D6  has  also  been  demonstrated. 
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4.  The  dielectric  properties  of  standard  and  fine  weave  ADL-4D6  were  measured  at  the 
Laboratory  for  Insulation  Research  of  MIT  in  X-band  (8.5  GHz)  and  in  the  millimeter  wave  band 
(24  GHz).  The  X-band  measurements  confirm  the  low  loss  properties  found  in  previous  work; 

i.e. ,  loss  tan  less  than  0.000.  The  24  GHz  measurements  however  show  increased  sensitivity 
to  absorbed  moisture,  with  loss  tangent  ranging  from  0.008  to  0.010.  This  higher  loss  appears 
to  be  also  intrinsically  present  in  the  high  purity  silica;  but  the  principal  contribution  to  raising 
tht  loss  tangent  value  to  the  benchmark  level  of  0.01  is  water  absorption.  Further  development 
work  for  millimeter  wave  applications  must  address  this  problem. 

5.2  RECOMMENDATIONS 

1.  The  densification  process  variation  study  begun  in  this  contract  should  be  extended  and 
completed.  As  a  minimum  it  should: 

Confirm  the  effect  of  the  acid  pH  stabilization  process  on  a  larger  sample  of  material 

Study  the  effect  of  extended  use  of  the  silane  coupler  agent  at  each  densification  stage 

Examine  a  low  cost,  minimum  process  time  densification  process 

Develop  an  improved  water  desensitization  process,  with  emphasis  on  properties 
in  the  millimeter  wave  band 

The  structural  capability  of  the  most  promising  of  these  densification  process  variations 
should  be  finally  proven  by  uniaxial  loading  tensile  tests. 

2.  An  improved  ADL-4D6  combination  of  Astroquartz  4D  preform  cell  size  and  densifica¬ 
tion  process  should  be  selected.  As  necessary  this  selection  should  be  implemented  by  a  series 
of  screening  characterization  tests.  This  optimum  new  ADL-4D0  formulation  should  then  be 
characterized  for  design  level  properties. 

These  tests  would  include  as  a  minimum: 

Mechanical  and  thermophysical  properties  to  1800°F 
Spall  threshold  and  equation  of  state. 

Particle  impact  testing  for  erosion  resistance  in  the  projected  most  probable  BMDI 
environment 

Dielectric  property  and  hot  transmission  tests  at  millimeter  wave  frequencies. 

3.  The  potential  of  advanced  refractory  dielectric  fibers  should  be  evaluated  for  improved 
hardened  BMDI  millimeter  wave  composite  antenna  windows,  with  particular  emphasis  on  struc¬ 
tural,  erosion  resistance  and  electromagnetic  transmission  performance. 


As  a  minimum,  this  evaluation  should  include  the  DuPont  99  percent  alpha-alumina  iilx.  r 
"1’P".  Other  candidate  fibers  to  be  considered  should  include  silicon  nitride  and  boron  nitri  le. 

Candidate  matrices  should  include  colloidal  silica,  colloidal  alumina,  aluminum  nitride, 
silicon  nitride,  boron  nitride  and  combinations  of  these. 

4.  Alternates  to  or  improved  versions  of  the  state  of  the  art  ID  preform  weaving  processes 
should  be  examined,  primarily  for  their  potential  as  short  production  time,  low  cost  sources  of 
-ID  Astroquartz  preforms. 

The  worth  ot  such  alternatives  shall  be  measured  by  production  costs,  production  cycle  and 
comparison  of  the  mechanical  properties  of  standard  densification  process  ADL-4D0  composites 
produced  from  such  preforms. 
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ULTRAHIGH  PURITY  NITRIDE  BASED  CERAMIC'S 
6  PROGRAM  OVERVIEW 
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6  PROGRAM  OVl  RVlfcW 


hi  PROGRAM  PLAN 

Figure  S4  illustrates  the  "roadmap"  which  was  used  lo  guide  material  development  and 
evaluation  of  the  four  (4)  nitride-based  ceramics  considered  on  this  program.  The  solid  lines 
shown  indicate  that  the  previous  processing  feasibility  had  been  demonstrated  in  our  laboratory. 
Tor  these  systems,  process  optimization  focused  upon  the  preparation  of  ultrapure  forms  of 
each  material.  Essentially,  no  process  development  was  associated  with  the  (J’-Sialon  and 
cubic  boron  nitride,  both  of  which  were  made  available  to  die  program  at  no  exist.  The  dotted- 
lines  in  Figure  S4  represented  new  process  research  requiring  Initially  exploratory  studies  to 
define  experimental  parameters  leading  to  the  required  material  (free-standing  plates  of  AIN, 
ultrahigh  purity  StyNTj  powder). 

In  the  ease  of  materials  for  which  a  process  was  already  developed,  the  screening  phase 
was  bypassed  and  final  characterization  properties  were  immediately  sought  with  the  purpose 
of  filling  in  gaps  in  existing  properties  which  were  critical  to  the  millimeter  wave  antenna 
requirements.  Tor  other  materials  (such  as  C  VD  -S13 N.j  and  AIN',  initial  formulations  were 
screened  for  highest  chemical  purity  and  density  prior  to  final  property  characterizations. 

Again,  these  characterizations  were  primarily  aimed  at  filling  gaps  in  existing  knowledge  of 
each  material  which  was  pertinent  to  tho  millimeter  wave  application  (e.g.,  radar  transmittance 
behavior  as  a  function  of  frequency  and  temperature). 

t>  :  SI  MM  VRY  Of  RISC  l  IS 

Table  4l’  summarizes  available  property  data  on  each  candidate  nitride-based  ceramic,  and 
also  data  on  a  commercial  grade  hot-pressed  Si.jN.j .  A  thermal  shock  resistance  figure -of-rner it 
has  been  computed  for  each  system  at  1000l’K,  Although  generalizations  must  be  made  with 
caution,  cubic  boron  nitride  is  predicted  to  have  a  superior  resistance  to  thermal  shock  com¬ 
pared  to  other  candidates.  However,  size  limitations  (~t  cm  diameter),  imposed  by  the 
current  state-of-the-art  in  super-pressure  processing,  would  require  its  utilization  as  a  mosaic 
antenna  window  .  Its  room -temperature  radar  transmittance  properties  are  comparable  to  hot- 
pressed  Si3Nq  at  -4  GHz.  Also  noteworthy  is  the  micro  hardness  level  of  cubic  boron  nitride 
which  is  second  only  to  diamond. 

Hot-pressed  AIN,  CVP  Si.?N  ^  and  hot-pressed  Si.,\ (  have  comparable  thermal  shock  re¬ 
sistance  figures;  however,  the  ultra  low  loss  tangents  for  CVP  Si,,N  ^  exceed  other  materials  by 
at  least  an  order  of  magnitude.  Also  noteworthy  is  the  insensitivity  of  loss  tangent  to  tempera¬ 
ture.  d’-Sialon,  while  having  comparable  radar  properties  to  other  candidates  (with  the  excep¬ 
tion  of  CVP  Si,(N  is  predicted  to  have  about  one-half  the  thermal  shock  resistance  because 
of  its  lower  thermal  conductivity. 
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SCRllWNG  PROPERTIES  FtKA  CHARfcttERIZMIW.  PROPERTIES 


Figure  84.  Process  Development  and  Evaluation  Roadmap  for  Nitride-Based  Ceramics 


TABLE  42.  PROPERTY  COMPARISONS  FOR  CANDIDATE  NITRIDE-BASED  CERAMICS. 
ALSO  SHOVVN  ARE  D  ATA  FOR  HOT-PRESSED  SJ3N4 


W  ilh  regard  to  su rfaoe  vaporization  behavior,  data  collected  to  Onto  Indicate  tluit  both  AIN 
mu*  ' -Staton  may  bo  ablo  to  transmit  radar  frequencies  while  vaporizing.  Cubic  UN  will  trims - 
lorm  to  the  hexagonal  form  above  1600°C  and  sIkhiUI  be  a  clean  ablator.  Conversely,  CVl)  Sl,N.i 
land  probably  hot-pressed  SI3N4I  exhibit  non-eongruent  vaporization  behavior  making  them 
questionable  In  their  ability  to  transmit  radar  frequencies  while  the  surface  Is  vaporizing  (winch 
may  occur  during  a  high  velocity  mission).  Synergistic  simulation  experiments  (o.g.,  oombliuxl 
ablation  and  radar  transmittance),  however,  will  be  required  to  obtain  conclusive  data  regarding 
the  Issue  of  "hot"  transmittance  capability. 

More  detailed  discussions  ol  each  candidate's  performance  characteristics  arc  given  In  the 
following  sections. 
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7  SILICON  M  I  H  llll 


7.1  INTRODUCTION 

7.1.1  A  EDUCATION  AS  A  Mil  UMETEK  WAVE  W  INDOW 

The  more  conventional  forms  of  silicon  nitride  (hoi -pressed  (HP),  reaction  sintered  (USD 
could  exhibit  serious  deficiencies  with  regard  to  exhibiting  acceptable  transmlttanee  levels  of 
millimeter  wave  radar  at  temperatures  approaching  as  well  into  the  viqxirization  range  of  silicon 
nitride.  This  concern  is  basal  upon  the  fact  that  metallic  impurity  contents  in  the  above  com¬ 
mercially  available  modifications  range  from  about  O.ti  weight  percent  (w/o)  for  11SSN  to  over 
2.3  w/o  for  IIPSN  (Kef.  21).  in  addition,  non-metalllc  impurities,  in  particular,  oxygen  are 
present  in  both  commercial  modifications  (Kcl.  22). 

7.1.2  GHEMICAl  LY  YARIK  DEPOSITED  SI  1  ICON  NITK1DE 

Silicon  nitride  (Si;jN.j),  prepared  by  tlie  chemical  vapor  deposition  method,  offers  an 
alternative  consolidation  technique  which  produces  theoretieally-densc  forms  of  Si.(N.t  of  pre¬ 
viously  unattainable  ultra-high  purity  levels.  Under  company  and  government  sponsored 
research  (Kef.  20),  processing  methods  have  been  developed  resulting  in  the  formation  of  near- 
theoretically  dense  plate  with  negligible  metallic  impurity  levels  and  oxygen  impurity  levels  as 
low  as  0.36  w/o.  Koom  temperature  radar  measurements  at  10  GHz  on  such  deposits  produce 
loss  tangent  levels  at  least  an  order  of  magnitude  lower  than  eommoroially-nvnilable  hot  pressed 
Si;jN.f.  As  will  be  discussal  in  subsequent  sections  of  this  report,  this  trend  of  superior  radar 
properties  for  CVD -Si3 N.j  (eomparal  to  commercial  modifications)  continues  lioth  at  eUvntal 
temperatures  and  over  a  range  of  radar  frequencies  from  s.ft  to  21  GHz. 

7.2  CHEMICAL  V  APOR  IM  POSITION  OE  ERI  E  STANDING  I’l  Al  l 
7.2.1  PKOCESS  DESCKll’TK'N 

1  he  genet al  pritctxiure  for  torming  C\  D  NqtN.j  consists  tit  passing  a  mixture  ol  vai>or-bornr 
pi  eeursors  into  a  chamber,  hot  wall  or  cold  wall,  w  thin  which  the  precursors  react  and  term 
definition  species.  I  hese  tin'll  adhere  to  the  hcatal  substrate  and  crystallize.  Lite  process  Is 
continual  until  desired  thicknesses  arc  achloval.  The  chemistry  anti  detailai  transformation 
processes  (deammuiation,  crystal  growth,  etc.)  involval  in  formation  of  deposits  of  certain 
characteristics  arc  at  present  inferral  primarily  through  analysis  of  the  materials  anil  correla- 
tion  with  (he  dejiosition  eomlitions  (temperature,  pressure,  gas  teal  rate  and  concentration,  gas 
flow  dynamics,  substrate  characteristics,  etc.). 


Silicon  nitride  can  lie  formed  from  the  vapor  phase  by  interaction  of  ammonia  and  a  silicon 
halide  to . £ • ,  silicon  tetrachloride,  -fluoride  or  -bromide),  a  silane  derivative  (c.g., 
ehlorosilane  Sillxt'lv  (x  »  y  l),  or  silane  itself  (Sill.j).  Typical  gross  reactions  arc: 

3  SRT.J  4N1I--J - »Si;)N.j  -  12  lift 

3  SiKj  •  INllg - —Si^N.!  ‘  12  111' 

3  Sill  j  t  IN11-4 - »Si3N.5  ‘  12  112 

In  this  work,  a  -SigN.j  plate  was  prepared  using  the  SiOl.4  precursor  since  previous  research 
(Hcf.  20)  had  shown  that  this  precursor  provided  the  highest  deposition  rate,  and  largest  as- 
deposited  thicknesses  thereby  offering  the  potential  for  direct  radar  property  measurement 
with  minimal  stacking  of  flat-plate  specimens  to  achieve  desired  specimen  thicknesses. 

Ten  (10)  process  runs  were  performed  using  a  four  (4)  inch  diameter  hot -wall  deposition 
furnace  to  define  optimum  conditions  for  forming  thick,  flat-plate,  deposits  of  ultra-high  purity. 
Process  parameters  explored  in  this  series  included:  temperature,  pressure,  feed  ratios  of 
silicon  and  nitrogen,  feed  rate,  mandrel  geometry  and  deposition  time. 

The  deposition  system  used  for  this  study  consisted  of  a  resistively  heated  graphite  furnace, 
10  cm  diameter  by  25  cm  high  through  which  reacting  gases  passed  at  reduced  pressure .  The 
deposition  occurred  within  a  replaceable  graphite  chamber  inserted  into  the  furnace  hot  zone. 
This  chamber  was  typically  a  four  or  six  sided  channel  made  of  graphite  plates,  within  which 
additional  graphite  plates  a  tv  suspended  to  provide  a  larger  deposition  surface. 

Figure  S5  shows  a  typical  deposition  mandrel  with  a  square  cross-sectional  area.  Flow 
deflectors,  such  as  that  shown  in  Figure  85,  were  used  to  improve  deposition  uniformity. 

Table  13  lists  tlic  experimental  conditions  used  and  tabulates  results  in  terms  of  deposition 
rate ,  process  efficiency  and  deposition  mic restructure.  Initial  exix'riments  in  this  series 
provided  amorphous  deposits  which  were  unsatisfactory  for  conducting  material  characterization 
studies.  Previous  evaluations  indicated  that  this  form  of  SigN  t  exhibits  poor  strength  as  the 
result  of  porosity  and/or  microcrncked  mie restructure.  The  most  satisfactory  material  pro 
parvd  in  this  exploratory  scries  was  obtained  from  Hun  No.  191,  which  provided  the  thickest 
free  standing  deposit  (maximum  thickness  ~  1 . 57  mm). 

Figure  80  shows  five  standing  a  S i-{ N.j  plate  after  removal  from  graphite  mandrels  by 
oxidation.  The  translueency  of  as-deposited  plate  is  clearly  in  evidence  (Figure  80(a)).  Also 
shown  is  the  thickness  profile  for  plate  material  which  was  removed  by  oxidation  from  the  flow 
deflector  mandrel.  Typical  radar  specimens  extracted  from  the  plate  material  arc  also  shown 
(Figure  80(d).  In  order  to  arrive  at  requited  radar  specimen  thicknesses,  it  was  planned  to 
stack  these  discs  to  arrive  at  optimum  specimen  configurations  for  mrnsutvmcnt. 


I 

r 


!  1  ■, 

%  * 


Figure  85.  Graphite  Deposition  Mandrel  for  Forming  CVD  Flat-Plate  Deposits.  Also  Shown  Is 
Flow  Deflector  Rod  Centrally  Located  Within  Mandrel  During  Deposition. 

Deposition  Plate  Area  Per  Side  -  5.1  \  20.3  cm 

7.2.2  PROPERTY  CHARACTERIZATION 

7.2.2. 1  Screening  Properties 

Selection  of  the  highest  purity  material  front  a  given  deposition  experiment  was  based  upon 
previously  developed  correlations  relating  deposition  color  to  oxygen  impurity  content  (Ref.  20) 
such  as  shown  in  Table  44.  The  highest  purity  material  in  this  deposit  was  brown  in  color  and 

O 

did  not  fluoresce  when  exposed  to  ultraviolet  radiation  of  wavelength  3 3 GOA .  On  the  basis  of 
these  earlier  correlations,  radar  specimens  from  Run  191  were  selected  which  were  brown  in 
color. 

7. 2. 2. 2  Radar  Properties 

Table  45  lists  numerically  the  nine  a  -SigN.j  specimens  (extracted  from  Run  191)  which  wen 
submitted  for  radar  property  evaluations  at  8.5,  24.0  and  90.  0  GHz.  Where  possible,  specimens 
were  stacked  to  achieve  optimum  thicknesses  for  a  given  frequency.  This  stacking  technique, 
however,  presented  handling  problems  for  elevated  temperature  measurements  and  was  not 
pursued.  Good  agreement  was  obtained  between  measurements  on  stacked  discs  and  individual 
discs,  however,  at  room  temperature.  Even  though  specimen  thicknesses  were  not  optimum. 
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table  4.l  silicon  nitride  plate  deposition  runs 


Z  Profile 


Thickness  Profil 
Alotui  Mid-Plane 
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l  \Bl  I  44  CORRELATION  OK  «-Si?N4  DEPOSIT  COLOR  WITH  OXYGEN  CONTENT  AND 
DECREE  AND  COLOR  OK  ULTRAVIOLET  FLUORESCENCE 


Specimen  Designation 
Visual  Color 
02  Content,  *  W/O 

Trace  Impurities  (Emission  Spec.) 

ppm  Mg 
ppm  Ee 
ppm  A1 
ppm  Cu 


Fluorescence  to  3360  A 
Visually  Observed 
Color  of  Fluorescence 


139-Wl 

139-01 

139- 

\V  bite 

G  reen 

Brown 

1.40 

0 . 92 

0.40 

Yes 

Yellow-green 


No 

Not  observed 


Neutron  Activation  Analysis 


TABLE  45.  LIST  OK  CV1)  a-Si,)N4  SPECIMENS  SUBMITTED  FOR  RADAR  PROPERTY 
MEASUREMENT  AT  S.5.  24.0  AND  90.0  GHz 


Thickness  (mm)  Frequency  (GHz) 


sufficient  measurement  accuracy  and  precision  was  obtained  to  permit  a  meaningful  assessment 
of  the  potential  for  CVD  a-Si^N-i  as  a  high-temperature  millimeter  wave  antenna  window. 

Tables  -Hi  and  47  list  the  radar  property  da  hi  on  CVD  a  -Si;jN4  at  8 .  5  and  24.0  GHz, 
respectively.  Also,  shown  for  comparison  in  Table  47  are  data  for  a  eonunercially-available 
hot-pressed  silicon  nitride  measured  at  the  same  frequency  over  the  same  temperature  range 
using  identical  equipment. 

At  24  GHz  (which  is  near  the  frequency  of  interest  for  this  program)  CVD  a -Si3N4  has  a 
significantly  lower  loss  tangent  than  commercial-grade  hot -pressed  Si;jN4  over  the  temperature 
range  from  25  to  800°C.  This  order  of  magnitude  spread  in  loss  tangent  is  anticipated  to  w  iden 
as  temperatures  approach  the  intrinsic  vaporization  point  ol  Si-jNy.  At  temperatures  near 
1400°C,  the  sintering  aids  used  to  consolidate  hot  pressed  become  plastic  resulting  in 

large  decreases  in  mechanical  strength  (>li)0'i). 

It  is  anticipated  that  this  mobile  second  phase  will  adversely  affect  the  dielectric  properties 
of  hot-pressed  at  temperatures  beyond  1400°C.  Conversely,  it  is  anticipated  that  the 

ultra-low  loss  tangent  of  CVD  a-Si;;N4  will  continue  to  show  negligible  temperature  dependence 
up  to  the  vaporization  range  of  Si3N4  (~1700°C). 

TABLE  46.  RADAR  TRANSMITTANCE  PROPERTIES  OF  CVD  u-Si?N4  AT  8.5  GHz  FROM  25  TO  HtHV’C 
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TABU  47  RADAR  I  RANSMITTANCE  PROPERTIES  OF  CVD  a-Si,N4  AND  HOT  PRESSED 
SILICON  NITRIDE 


CVD 

*  -  Si  N  0  24  GHz 

3  4 

Specimen 

Temperature 

Dielectric  Constant 

Loss  Tangent 

Designation 

(°C) 

(K  ) 

(tan  S) 

191  -F 

25 

7.65 

<.0006 

62 

7.66 

<.0006 

133 

7.67 

<•0006 

162 

7.68 

<.0006 

224 

7.72 

<.0006 

276 

7.73 

<•0006 

324 

7.75 

<.0006 

399 

7.77 

*.0006 

479 

7.80 

<.0006 

564 

7.83 

<.0006 

618 

7.85 

<•0006 

679 

7.88 

<•0006 

736 

7.89 

*.0006 

747 

7.90 

<.0006 

8(10 

7.93 

<■0006 

Stack  of 

25 

7.63 

.00043 

191-A,B.C,D,F 

Hot-Pressed  Si 3N4  <?  24  GHz  (Ref.  22) 


(Low  Dielectric  Constant  Direction) 


NC-132 

op 

8.25 

.0040 

100 

8.26 

.0042 

200 

8.28 

.0045 

300 

8.31 

.0047 

400 

8.35 

.0048 

500 

8.39 

.0049 

600 

8.44 

.0051 

700 

8.51 

.0054 

800 

8.59 

.0056 
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.3.2.3  Other  Physical  Properties 

Table  15  summarizes  other  pertinent  thermophysical  ami  thonnostructural  properties  of 
CVD  a  -in-jN.,  at  its  eurrent  stage  of  development. 

7. 2. 2. 4  Vaporization  Characteristics 

A  qualitative  investigation  of  the  vaporization  behavior  of  CVD  a  -S  L,  N  4  was  conducted  in 
air  using  a  15K\\  ClM  laser  beam  to  create  surface  temperatures  sufficiently  high  to  induce 
surface  vaporization.  Pour  (-1)  specimens  were  evaluated  at  intensities  ranging  front  500  to 
1000  W,  cm"  and  exposure  times  off  to  15  seconds.  Figure  57  shows  a  typical  surface  condition 
for  specimens  in  this  series.  Kvidenee  of  non-eongruont  vaporization  is  conclusive,  in  tint 
solidi tit-d  droplets  of  silicon  metal  extensively  cover  the  surface.  Also,  a  w  hite  layer  of  SiO.> 
is  clearly  in  evidence.  The  potential  problem  of  "hot”  transmission  while  S i;t >>4  is  vaporizing 
must  be  further  investigated  by  subsystem  simulation  testing. 

7.3  I’kl  P  VRAl  lON  01  IT  K1  SILICON  NlTKIDl  I’OWDl  K 

Two  approaehes  have  been  considered  in  this  program  for  preparation  of  pure,  stable, 
finely  divided  silicon  nitride  powder.  One  is  based  on  controlled  thermal  decomposition  of  the 
reaction  intermediates  tluii  occur  in  chemical  vapor  deposition  of  silicon  nitride  from  silicon 
tetrachloride-ammonia  mixtures: 

SiCLj  +  NH3 - ►SiCl4-\  Nil., 

Si^Nq* - Si  fMI>x  polymers 

The  second  approach  is  has  id  on  nit  riding  of  finely  divided,  high  purity  silicon  pow  der,  a 
source  for  which  lias  recently  been  found.*  The  particle  size  of  this  material,  which  is  prepared 
by  thermal  decomposition  0!  silane,  averages  300  A,  which  should  be  small  enough  to  permit 
total  nitridation  rather  than  leaving  unrcactcd  silicon  in  the  center  of  the  particle.  A  laboratory- 
scale  nitriding  furnace  system  was  designed  and  assembled  on  this  phase  of  the  program  and  will 
be  used  for  S13N4  powder  preparation  on  the  next  phase  of  the  program. 

More  directly,  amorphous  silicon  nitride  was  prepared  by  reacting  ammonia  and  silicon 
tetrachloride  in  the  four  inch  chemical  vapor  deposition  furnace  used  for  fabricating  CVD  silicon 
nitride  plate  material.  Ity  increasing  pressure  and  residence  time  of  the  gas  mixture  in  the 
furnace,  the  formation  ot  a  monolithic  deposit  was  prevented  and  a  relatively  largo  quantity  of 
powdered  white  nitride:  ammonia  complex  material  was  deposited  in  the  downstream  regions  of 
the  furnace.  This  was  collected  quickly  under  a  nitrogen  blanket  to  minimize  hydrolysis,  placed 
in  the  furnace  hot  zone  on  a  graphite  platform,  and  heat  treated  for  1.5  hours  at  !  180'V  under  a 


‘Cnllery  Chemical  Company,  Callery,  i’A. 


TABLE  48.  THERMAL  AND  MEVHANK  AL  PROPERTIES  OF  CVT)  a-.Si.1N4 


T  herroophy  sical 


•  Density  ( g/cc ) 

0 

300  K 

3.18 

•  Specific  Heat*  (cal  ) , 

0.165 

(g-°iO 

600° 

0.224 

1000° 

0.276 

2000° 

0.326 

•  Thermal  Conductivity 

300°k 

0.328 

(  w  ) 

cm°K) 

553° 

0.241 

1103° 

0.158 

2000° 

0.118 

•  Hemispherical  Emi ttance** 

293°K 

0.590 

773° 

0.540 

1273° 

0.340 

1773° 

0.240 

Thermostructura 1 

jO 

•  Mean  Thermal  Expansion  Coeff.  (1/  C), 

( RT- 1 000°C) . 

3.07xl0'6 

•  Young's  Modulus 

(GNm-2), 

RT 

389.6 

•  Flexure  Strength 

(MNnr2) , 

RT 

223.2 

(3  pt. .  10  specimens) 

•  Fai  lure  Strain ,  (,v.) 

0.06 

•  Fracture  Toughness 

(MNm~J/i! 

) 

3. 2-4. 3  (Ref.  20) 

•  Microhardness,  knoop. 

(kg  mm”4 

) 

3780-4240 

(Surface  1 1  to  Deposit. 

100  gm  load) 

*  Estimated  from  TPRC  Data 

**  Computed  from  Specular  Reflectance  Data 
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CVD-Si3N4 

400-191 


1000  W/cm1" ,  4  Sec. 


I  iguri-  S  Post-lost  Surface  t  oiulition  ot  l  \  1)  a -Si  After  Vaporization.  Point-loaded  at 
1000  W/cm*.  4  sec  With  a  Beam  Diameter:  Specimen  Diameter  =  0.50. 

slo\t  flow  of  nitrogen  at  15  torr.  The  ponder  charge  was  reduced  in  volume  considerably  through 
loss  of  ammonium  chloride,  a  co-by-product  collected  with  the  ammine  complex,  but  remained 
white  and  powdery. 

Future  work  will  involve  the  consolidation  of  these  ultra-high  purity  powders  to  form 
dense  phase-puz*e  silicon  nitride,  and  also,  the  utilization  of  these  powders  to  form  higher- 
purity  ^'-Sialon  plate. 
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AD-A076  769  6ENERAL  ELECTRIC  CO  PHILADELPHIA  PA  RE-ENTRY  AND  ENV— ETC  F/6  17/5 
MILLIMETER  WAVE  HARDENED  ANTENNA  WINDOW  MATERIALS  DEVELOPMENT. (U) 

AU6  79  J  P  BRAZEL  »  R  FENTON  ♦  J  A  R0ETLIN6  DAA646-79-C-0047 

AMMRC-TR-79-45  NL 


UNCLASSIFIED 


S  ,i  SI  VI  ONS 


S  I  INI  KOMI  t  I  ION 

8  1.1  A  I’t'l  If  AVION  AS  A  MU  I  IMKTKK  \V  \VK  WINIX'W 

litder  a  recently  completed  AV’Ml  -sponsored  program  (Ifel  VII).  a  sintering  piiveNs  was 
developed  lor  producing  thoorolionlly-douso  /’  -  Sialon  solnl  solutions  Hadar  property  men 
surenients  on  these  solid  solutions  at  S.  a  :md  '.M  (ill.-  indicate  performance  comparable  to 
hot-pressed  silioon  uitndo,  Uil  nilli  I  In'  dislinol  advantages  ol  lower  oosl  processing  ami, 
also,  (hi'  ability  to  tonu  tlieoretically-donse  eymiplicalevt  shapes  using  conventional  pressure 
less-sintering  consol  hint  ion  procedures .  \  It  hough  its  thermal  slnvk-rosistanoe  figure  is 

lower  Ilian  that  of  hot  -pressed  silieon  nitride  (lieeausi1  ol  its  lower  lliermal  conductivity!,  It 
may  still  provide  sutlleient  margins  lor  (he  eonletnplali’d  antenna  window  a|iplieation, 

s  :  sin  u  u  vm  i  .■  si  vi  on 

S.  a.  |  PIUK’KSS  Ol'Sl'Illi' VION 

figure  SS  shows  the  isothermal  quaternary  seelion  (17tlU  t’|  of  (ho  Si-Al-i'-N  phase  dia¬ 
gram  in  which  tin'  single-phase  region  is  located.  I'lie  particular  >'  Sialon  evaluated  on 
this  prop, ram  was  the  Ol'-  1VS  modilientioti  whit'll  has  tlie  folloyving  stoiehiomot rit’  formula: 

Si  ( Al-.N(;0  •  figure  SO  is  a  schematic  ol  (lie  process  used  lor  synthesizing  the  UK-IVS  com - 
position  which  consists  t't  tin'  folloyving  constituents:  no  m  t'  Si  .N  j,  m  t'  AIN  and  m  o 
At  "t\'t  figure  th'  shows  the  specimens  of  l!l'-l.’S  d  -Slab'll  prepared  for  ratlar  prv'pcrfy 
measnremenl  at  S,  a,  I ,  tl  ami  '.hi.  0  lilt  .  Also  slit’wn  is  a  gtvmid  anil  polished  Ol  - l VS  sub¬ 
sonic  ratlonie  illust rating  the  scale-up  poti'titial  .>1  the  sintering  privoss. 

8.',*.'.’  riUU'IUTA  fllAHAf  V 1151 .  A  VI  ON 

8  I  Ifadar  Properties 

Vable  111  lists  radar  t  rausmittanct'  prt'perties  of  the  UK  l  .’S  p  Sialon  nit'asuretl  i'll  this 
program  al  t\  I'loy  atetl  lenipcratti  i  t'  data  obtained  on  a  recently  completed  A  KM l  spoil 
sort'll  program  (lief.  i’ll  is  listetl  m  Vable  all.  Moth  sets  of  data  show  a  definite  dependence 
ol  Ions  tangent  on  frei|uenc>  ,  appro\imate|y  doubling  from  8.  a  to  I  0  lilt,-.  Since  lioth  sets 
ol  data  were  measured  on  identical  equipment .  differences  in  loss  tangent  ami  dielectric 
constant  for  nominally  similar  material  is  attributed  lo  differences  in  the  purity  of  stalling 
const ityiewt  powders  this  dependence  yyill  lie  further  Investigated  on  the  next  program  phase 

II  is  noteworthy  that  both  sets  ol  loss  tangent  data  and  their  temperature  dependence  show 
significant  improvements  over  commercially -available  hot  pressed  Sl.^N..  Kor  example,  tlyo 


I'WUro  88.  Subsection  of  the  Si  A 1-0  N  Phase  IWa 
Isothermal  Plane  ami  the  fi'  Sialon  Phase 


m  Shewing  a  Si?N4-AIN  AhOfSiOs 


OE  128 


M/O  S,3N4 
2b  M/O  AIN 


SIALON  BAILS 

rotVURtTHANt  LINtDMIUI 


dielectric  constant  and  loss  tangent  of  commercial  grade  hot-pressed  Si3N4  (NC-132)  at  800°  C 
and  24  GHz  are  8.  59  and  0.  005G  compared  to  8.  02  and  .  0025  for  GE-128  (i'-Sialon  measured  on 
identical  equipment  under  identical  test  conditions.  Substitution  of  ultra-high  purity  Si3N4  in 
the  0'-Sialon  process  should  lead  to  even  further  reductions  in  the  loss  tangent.  Such  sub¬ 
stitutions  will  be  explored  during  the  next  program  phase. 

8.  2.  2.  2  Other  Physical  Properties 

Table  51  summarizes  other  pertinent  thermophysical  and  thermostructural  properties  of 
GE-128  0-Sialon  at  its  current  stage  of  development. 

8.  2.  2.  3  Vaporization  Characteristics 

A  qualitative  investigation  of  the  vaporization  behavior  of  GE-128  P'-Sialon  was  conducted 
in  air  using  a  15KVV  CO2  flat-top  beam  to  create  surface  temperatures  sufficiently  high  to 
induce  surface  vaporization.  Three  (3)  specimens  were  evaluated  at  intensities  ranging  from 
250  to  500  W/cm2  and  exposure  times  of  7  to  30  seconds.  Figure  91  shows  a  typical  surface 
condition  for  specimens  in  this  series.  Unlike  CVD  a-SijN^  no  evidence  of  solidified 
droplets  of  silicon  metal  was  found.  Thus,  0'-Sialons  may  vaporize  congruently.  Similar 
to  CVD  «-Si3N4,  a  white  oxide  layer  was  found  which  is  probably  a  mixed  oxide  (probably 


TABLE  50.  RADAR  TRANSMITTANCE  PROPERTIES  OF  GE-1 28  (3  -SIALON  AS  A 
FUNCTION  OF  FREQUENCY  AND  TEMPERATURE  MEASURED  ON  A 
PREVIOUS  AFML  PROGRAM  (Ref.  21 1 


Specimen 

Designation 

8.5  GHz 

Temnerature  !  Dielectric  Constant 
(°C)  I  (K) 

Loss  Tangent 
(tan  S  ) 

!  GE- 128-2-AF 

25 

7.67 

.0014 

100 

7.72 

.0014 

200 

7.78 

.0015 

300 

7.85 

.0015 

400 

7.91 

.0015 

I 

500 

7.97 

.0015 

600 

8.05 

.0015 

710 

8.13 

.0016 

800 

8.21 

.0017 

900 

8.30 

.0018 

1000 

8.40 

.1021 

1100 

3.51 

.0126 

1150 

r.57 

.0030 

1200 

8.62 

.0037 

1220 

8.65 

.0040 

1250 

8.70 

.0050 

1270 

8.75 

.0098 

24  GHz 

GE - 128-2- AF 

25 

7.65 

.0028 

100 

7.67 

.0022 

200 

7.69 

.0024 

300 

7.73 

.0025 

400 

7.78 

.0026 

500 

7.84 

.0027 

600 

7.  T9 

.0027 

700 

7 .98 

.0026 

800 

8.0? 

.0025 
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TABLE  51  THERMAL  ANI)  MECHANICAL  PROPERTIES  OF  GE-1 28  0'-SIALON 


THERMOPHYSICAL 

•  Density  (g/cc) 

•  Thermal  Diffusivity  (cm’/sec.),  573°K 

THERMOSTRUCTURAL 

•  Mean  Thermal  Expansion  Coeff. 

(1/°C),  (RT-1000°C) , 


Young's  Modulus  (GNm'2),  RT 

Flexure  Strength  (MNttr?),  RT 
(4  nt. ,  2  specimens) 

Failure  Strain,  (  ) 

Fracture  Toughness  (MNnT^^) 

Microhardness,  Knoop  (kg  mm'^) 
(IDO  gm  load) 


3.08 

0.0195  (Ref.  24) 


3.0  x  10'6  (Ref.  24) 
207. 

216. 

0.10 

2.2  (Ref.  24) 

1660 


Si 4A1 2n6°2 
GE- 128 


250  W/cm2;  30  Sec. 


Figure  91 .  Post-Test  Surface  Condition  of  GE-1 28  (3'-  Sialon  After  Vaporization.  Point  Loaded 
at  250  W/cm*,  30  Seconds  with  a  Beam  Area:  Specimen  Area  Ratio  '0.50 
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u  ALUMINUM  NIIKIDI 


u  I  IN  I  KODUlTION 

9.  1.  1  APP1  ICATION  AS  A  Mil  1  1METEH  WAVK  WINDOW 

Recent  processing  research  on  aluminum  nitride  has  produced  material  of  unprecedented 
purity  and  size  to  permit  measurement  of  intrinsic  physical  properties  (Kef.  25).  Three  (3) 
characteristics  (ot  ultrahigh-purity  AIM  of  particular  interest  to  this  program  are: 

(1)  AIN  va|>ori/es  eongruently 

(2)  Its  thermal  coiuiuetivity  at  100  C  exceeds  most  insulators,  approaching  that  of 
copper  (within  a  factor  of  1.0) 

(3)  Its  resistivity  at  20  t’  is  101:!  R-em. 

These  properties  could  translate  into  a  millimeter  wave  window  with  good  thermal  shock 
resistance,  and  with  the  added  potential  of  transmitting  millimeter  radar  at  temperature 
levels  approaching  and  beyond  the  vaporization  range  of  AIN  (-  1700  C). 

0.1.2  1’ROCESSINC.  RESEA Ill'll  PLAN 

Two  (2)  approaches  have  been  followed  for  synthesizing  theoretically  dense  u It rahigh 
purity  AIN: 

(1)  Hot-pressing  of  ultrahigh-purity  fine  diameter  AIN  powder 

(2)  Chemical  vapor  deposition  of  AIN 

Also,  vapor-grown  crystals  were  obtained  to  establish  key  intrinsic  properties  over  tempera¬ 
ture  ranges  previously  not  characterized  (Kef.  25). 

o  :  HOT  PKI  SStn  ALUMINUM  NIIKIDI 

0.  2.1  PROCESS  DESCRIPTION 

The  objective  of  this  task  was  to  synthesize  near  theoretically  dense,  ult rahigh  purity 
AIN  by  consolidating  the  highest  purity,  commercially  available  powder  using  a  combination 
of  elevated  temperature  and  external  pressure  to  augment  solid-state  sintering.  Table  52 
lists  the  chemical  analysis  of  the  ult  rahigh  purity  AIN  powders  obtained  from  Cerac,  Inc. 

Since  AIN  powders  react  readily  with  air,  the  powders  were  kept  in  a  dry  box  to  avoid 
moisture  contamination.  Before  a  hot  press  run,  the  dies  were  filled  with  the  powders  in 
the  dry  box  enclosure  and  immediately  transferred  to  the  hot  press  apparatus.  The  system 
was  rough  pumped  and  then  purged  with  a  nitrogen  atmosphere. 
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I  AHL  l  5.  IHFMK'AI  ANAlNSISiBt  1'KRAt'.  INC  )  OK  ALUMINUM  MIKlOl 
POWOKR  USH)  IN  HOlPRISSINt;  KXPKRIMKNTS 

•  TRACI  Mf TALL  1C  IMPURITIES  (»  o) 

Cu  ooos  -  .oos 

fe  .001  -  .01 

Si  .0005  -  .005 

Mn  .001 

Mo  .0005  -  .005 

•  TRACI.  NON-MI  TALLIC  1MPUR1THS  yw  oj 

C  .01  -  .05 

0  .12 

•  ESTIMATED  PURITY:  M.SkO 


fhe  pow  dors  wore  hot  pros  sod  according  to  tho  conditions  outlined  in  Table  53.  Future 
experiments  should  include  additional  variations  in  die  material  (UN  liners)  and  typo  of 
sintering  gas  for  further  improving  the  purity  and  the  density  of  hot  pressed  AIN  .  Also, 
nvont  hot  pressing  research  by  Sakai  (lief.  26)  will  be  reviewed  since  a  critical  level  of  t.v, 
contamination  (vi/  '2  w  o)  was  found  to  lead  to  improved  donsification  and  flexure  strength 
at  more  moderate  temperatures  ('20000  than  those  used  in  this  series. 

A  photograph  of  several  of  the  hot-pressed  specimens  is  shown  in  Figure  92.  The 
s|vcimens  are  arranged  in  order  of  Increasing  density.  The  temperature  and  pressure 
parameters  of  the  hot  pressing  are  listed  in  Table  53. 

9  2.2  PROPKHTY  CHARACTERIZATION 

9.  2.  2.  1  Screening  Properties 

fable  34  lists  screening  properties  (density,  color,  resistivity)  used  to  assess  the  suit¬ 
ability  of  a  given  formulation  for  further  characterisation.  Several  of  the  hot -pressed  speci¬ 
mens  came  out  of  the  run  black  due  to  carbon  contamination  from  the  graphite  dies  and  the 
graphite  resistance  heated  furnace.  Most  often,  the  specimens  could  be  renewed  in  air  at 
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vHc  * 


as  8%  Dar>nltY'  00-96X 


Pressure 


Photograph  ot  Hot  Pri-NWiI  \l\  Npivimotv.  IHuNti.um.it  PetiMls  Iiku-imiii!  "tth 
1  ompei  jiun’  arut  I’n'sMtro 


i'llHIIS  IV  1MIV  )  IV  VO  n  il  )  IflVO 


TABLE  54  CORRELATION  OF  DENSITY.  COLOR  AND  RESISTIVITY  OF  HOT-PRESSED  AIN 


IhH)  F  for  an  hour.  The  rolor  alter  Iho  heat  treatment  varied  from  blue  to  grav  depending  on 
(ho  oxygon  content.  Tho  blue  color  Is  duo  to  AT,(  V  contamination  whtoh  results  from  .1  roao- 
I  ion  of  AIN  with  tho  urn  pill  to  die.  It  is  known  th.it  Al-tik'  is  soluble  in  AIN  (Hoi.  '.’71.  l'ho 
post-anneal  heat  I  rent  moots  wore  found  to  significantly  improve  room-temperature  rests 
tivity,  ns  shown  itt  Table  f»4 . 

Also  in  Table  54,  tho  proportion  ot  two  vapor-grown  polyciTstnls  ol  uttrahigh  purit\  arc 
listinl  for  eompsrison.  Since  pure  AIN  is  water  clear,  the  amber  or  brown  color  ol  the 
vapor-grown  spoeimens  could  lie  <hie  to  No  vaeaneies  (Hof.  US).  Hit’ll  resistivities  have  also 
boon  found  by  Mm,  ot  al  (Hof.  2!)),  obtaining  values  groat  or  than  I01:'  J2  _oin. 

1  able  55  is  a  minima rv  of  the  nualitative  fluorescence  data  obtained  from  samples  that 
were  irradiated  with  lit  hi  ot  wavelength  5500  A  The  hot  pressed  specimens  containing  t'-» 
nnt'urity  (blue  colonxl!  fluoresced  yellow,  whcieas  tin'  high  purity,  low  O  content  vapor  grown 
peoimeus  show  almost  no  fluorescence.  Since  oxygon  has  a  high  aflinitv  toward  aluminum,  it 
enters  the  lattice  as  Alq  substituting  ior  AIN  molecules,  i.o.  ,  Al  vacancies  are  formed 
one  per  three  fto  atoms  diet.  501.  Peep  levels  due  to  those  impurities  eontrilHite  to  the 
luminoscencc  Sfioetra  ol  AIN  (Hof.  251  Thus,  the  fluorescence  data  when  quantified  could 
be  indicative  of  the  type  and  quantity  of  impurity  present. 

Phase  identification  of  hot -pressed  and  vapor-grown  AIN  was  chocked  by  x-ray  dtffrac 
til’ll.  I'ablc  55  lists  the  analysis  for  the  highest  density  hot -pressed  AIN  and  (he  vapor-grown 
crystals.  Also  shown  for  comparison  are  the  data  for  the  ASTM  standard  polyorystulHuo 
AIN  .  Varying  degrees  of  preferred  orientation  are  present  being  smallest  in  hot-pressed 
\IN  and  extreme  in  the  case  of  vapor-grown  crystals. 

’5.2.  2.  2  Hndar  Properties 

Three  (ill  hot-pressed  and  two  (ill  vapor-grown  specimens  were  submitted  for  radar  tnea- 
uremenis  at  5.5,  21.0  and  00.0  1III7.  Table  57  lists  data  on  those  formulations  which  ev 
hibtted  the  highest  purity,  t'onverselv  ,  Table  55  lists  data  on  those  formulations  which 
exhibit ('d  some  contamination  (carbon  in  the  ease  of  HP-27,  probably  free  Al  and  possibly 
c.irUm  for  vapor-grown  W-151  and  W-1S51. 

0.  2.  2.  il  Thermal  Proper! los 

The  thermal  conductivity  ol  hot  pressed  AIN  was  determined  as  a  function  ot  temperature 
by  the  Hash  diffusivtly  method.  Table  50  ltsts  the  thermal  dtffusivtty  and  computed  thermal 
eomtuvt ivtly  for  each  modification.  Figure  Oil  compares  these  data  with  other  hot-pressed 
and  single  crystal  data  in  the  literature.  The  theoretical  value  of  thermal  conductivity  for 
pure  AIN  is  5.2  \V  cm-  K  at  500  K  (Hof.  501.  The  values  of  thermal  conductivity  for  the 
vapor-grown  materials  are  slightly  different  with  specimen  y\  151  having  a  lower  level 


T  ABLE  55  FLUORESCENCE  OF  HOT  PRESSED  AND  V  APOR-GROWN  AIN 


r ABU  5h  X-RAY  DATA  FOR  HOT  PRFSSFD  AND  VAPOR-OROWN  AIN 


A  STM 

8-202 

HP-27 

W-107 

W- 154 

d  (A) 

l/ll 

hkl 

d  (A) 

l  (relative) 

d  (A)  1  (relative) 

d  (A)  1  (relative) 

2.  7 

too 

100 

2.7 

25 

2.7  83 

2.  19 

no 

002 

2.  49 

>100 

2.49  100 

2.  972 

70 

101 

2.37 

00 

1.  829 

20 

102 

1.  83 

30 

1 . 83  00 

1.  557 

30 

110 

l .  55 

20 

1.  Ill 

20 

103 

1.41 

75 

1.  348 

0 

200 

1.  320 

18 

112 

1.32 

18 

1.  301 

8 

201 

1.30 

n 

1.245*  15 

1.  180 

4 

202 

1.  047 

n 

203 

1.  019 

4 

210 

.  9984 

G 

211 

.  9345 

0 

105 

.  8084 

0 

213 

♦unaccounted  line 

whU'h  is  probably  related  to  tho  smallor  grain  size  and  slightly  higher  No  vacancy  content 
(darker  amber  color).  Sample  HF-27  has  a  lower  level  than  the  vapor-grown  modification 
but  higher  than  previously  hot-pressed  specimens.  The  lower  oxygen  content  of  the  HP-27 
specimen  probably  accounts  for  the  higher  thermal  conductivity  compared  to  previous  hot- 
pressings  which  used  comparatively  impure  powder  (Hi  f.  III). 

The  thermal  conductivity  data  on  hot-pressed  AIN  made  on  this  program  (HP-27)  is 
already  comparable  to  t'VD  Sit',  indicating  that  a  CVD  form  of  AIN  when  synthesized  should 
have  a  significantly  higher  thermal  conductivity  than  t'VD  Sic'  (probably  comparable  to  va]>or- 
gnnvn  AIN  shown  in  Figure  92).  It  should  be  noted  that  the  achievement  of  this  high  thermal 
conductivity  will  improve  the  thermal  shock  figure  of  merit  for  AIN  making  it  comparable  or 
even  superior  to  t'VD  Sic'. 

9.  2.2.4  Optical  Properties 

The  availability  of  a  transparent  vapor-grown  crystal  (W-107)  suggested  its  evaluation  as 
a  multimode  window  material.  Figure  91  shows  the  specular  transmittance  of  AIN  in  the  in- 
Ira  red  frequency  range.  The  absorption  band  at  5.05  microns  has  been  identified  by  c'olltns. 
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.5.1  for  description  of  measurement  technique 
to  absorption. 


TABLE  58  MILLLMETER  WAVE  ELECTROMAGNETIC  PROPERTIES  OF  HOT  PRESSED  AND 
VAPOR-GROWN  AIN  WHICH  EXHIBITED  CONTAMINATION  EFFECTS 


T ABLE  59  THERMAL  DIFFtSIVTTY  AND  CONDLCnVTTY  OF  AIN  <  HOT  PRESSED  AND 
VAPOR-GROWN) 


PERCENT  TRANSMITTANCE 


WAVENUMBER.  CM  ' 


Figure  94.  Infrared  Transmission  Spectrum  of  \IN  Sample  W-  lf>7  Specimen  rhk-kness  -  I 


20.ri 


et  al  (Rwf<  28,1  tus  thre0  times  the  transverse  optical  mode  (i.e. ,  3TO).  Figure  95  shows  the 
corresponding;  specular  reflectance  of  vapor-grown  AIN.  The  Heststrahlen  reflectance  region 
is  bounded  by  wavelengths  of  10.  9  and  15.  0  microns  which  correspond  according  to  Collins, 
et  al  (Kef.  28),  to  the  longitudinal  and  transverse  optical  frequencies  (i.e.  ,  i.O  and  TO), 
respectively. 

9 .  - .  - .  5  Mic  roha rdness 

Table  60  lists  Knoop  microhardness  data  measured  on  selected  hot-pressed  and  vapor- 
grown  modifications.  Also  shown  are  literature  data  on  hot-pressed  AIN  (Kef.  31). 

9.2.3.  6  Vaporization  Characteristics 

A  qualitative  investigation  of  the  vaporization  behavior  of  hot-pressed  AIN  was  conducted 
in  air  using  a  15KW  COo  flat-top  beam  to  create  surface  temperatures  sufficiently  high  to 
induce  surface  vaporization.  Three  (3)  specimens  were  evaluated  at  an  intensity  of  loot)  w/orn- 
for  times  ranging  from  2.  3  to  15.  0  seconds.  Figure  96  shows  a  typical  surface  condition  for 
specimens  in  this  series.  l7nlike  CVD  a  -Si3N. },  no  evidence  of  a  molten  cation  (Al)  was 
found.  As  reported  in  the  literature  (Kef.  34),  AIN  exhibited  visual  evidence  of  congment 
vaporization,  a  characteristic  which  could  enable  millimeter  wave  transmission  while  the 
antrnna  window  is  vaporizing. 

9  t  CHEMICAL  VAPOR  DEPOSITION  OP  ALUMINUM  NITRIDE 

9.3.  1  TECHNICAL  APPROACH 

While  most  refractory  nitrides  (e.g. ,  those  of  Si,  I),  Ti,  etc.)  can  be  prepared  from  the 
vapor  phase  by  reaction  of  the  appropriate  metal  halide  with  ammonia  at  temperatures  between 
about  800  and  1500  C  or  higher,  the  preparation  of  aluminum  nitride  by  the  direct  approach 
offers  some  obstacles.  This  is  due  principally  to  the  difficulty  of  reducing  aluminum  chloride 
directly  to  form  the  intermediate  species  required  by  the  deposition  process.  Silicon,  boron 
and  titanium  for  example  can  be  reduced  from  the  chloride  by  hydrogen  to  form  either  a  reduced 
chloride  such  as  SiCl2  or  BHClo  which  continues  to  react  to  form  the  metal  species  or  ammoniated 
complexes,  from  which  the  nitride  is  eventually  produced  at  the  heated  deposition  surface.  The 
high  stability  of  aluminum  chloride  prevents  this  direct  approach,  however,  and  the  deposition 
species  is  usually  prepared  externally  from  the  reaction  of  Ald3  and  ammonium  chloride 
(Reaction  1)  in  small  quantities  and  vaporized  onto  a  heated  disc  to  form  a  film  (Kef.  35)  as 
shown  below. 


A1C13  +  NHjCl 


►Aids  ‘  NH3  *  HC1  (Reaction  1) 
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PERCENT  REFLECTANCE 


I  \Hl  l  w)  kNOOl’  MU  ROM  \RDNLSS  IHI  \  ON  HOT  1‘RI  SSI  I)  AND  \  APOR-tlROWN 
MOIUI  K  A  I  IONS  Ol  VIN 


Specimen 

Consolidation 

; — zi - 1 

Knoop  Hardness  (kq  mm  J 

Designation 

Method 

ioo 

ZOO  q 

300  g _ _ 

HP-27  (97f  Dense) 

Hot  Pressed 

1492 

HP -20  (82%  Dense) 

Hot  Pressed 

1275 

w - 1 6 7  (100:  Dense) 

Vapor-Grown 

1217 

1089 

1128 

W - 1 54  (100%  Dense) 

Vapor-Grown 

1124 

1009 

1 

1097 

AIN  (98%) 

Hot-Pressed 

1225 

(Ref.  31) 

AIN 
HP- 22 


1000  W/cm2,  2.3  Sec. 


Figure  Post- Test  Surface  Condition  of  Hot  Pressed  VIN  (Spec.  HP-22)  After  Vaporization 

Point- Loaded  at  1000  W  cnr.  2  }  sec.  with  a  Beam  Area:  Specimen  Area  Ratio  '0  SO 
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A  second  approach  consists  of  reacting  aluminum  metal  with  aluminum  chloride  vu|>or  to 
term  the  reduced  haliile,  anil  subsequently  reacting  that  with  ammonia  to  form  the  nitride 
(Kef.  ;it>),  as  described  below: 

a.  2AI  +  A1C1.,  - 3A1C1 


b.  Alt  !  ■»  Ml.. 


•  A 1 N  *  IIC1  •  II. , 


(React ion  2) 


l-o> 


As  shown  in  Table  til  (Kef.  :i?l,  aluminum  chloride  is  readily  reduced  to  form  the  mono- 
•hloride,  with  higher  conversion  at  low  pressure  and  high  temperature. 


A  third  approsich  consists  of  ammoniation  of  a  previously  deposited  layer  of  aluminum 
metal  at  temperatures  between  S00  and  lloO  C  (Kef.  3  a);  do|>osit  thicknesses  are  limited  by  the 
diffusion  rate  of  nitrogen  through  the  surface  layer  of  aluminum  nitride  formed  on  first  contact, 
or  by  reaction  of  the  aluminum  layer  with  the  substrate,  silica.  Thicknesses  were  limited  to 
0.0c  to  1.0  am.  It  was  also  reported  that  thicker  layers,  prepared  at  the  higher  tempera¬ 
tures,  were  yellow  in  contrast  to  those  deposited  at  lower  temperatures  where  white  layers 
were  formed  It  was  concluded  that  the  yellow  color  was  duo  to  silicon  monoxide  in  the  deposit. 


Cither  approaches  such  as  evaporation  (Kef.  ;>S),  glow  discharge  (Kef.  391,  and  deposition 
from  aluminum  trimethyl  (Kef.  10)  do  not  appear  to  bo  suitable  for  formation  of  relatively  large 
area  deposits  of  useful  thickness,  1M root  reaction  of  aluminum  vapor  and  nitrogen  |us  been 
used  for  forming  single  crystals  and  whiskers  (Kef.  cl),  but  again  does  not  seem  to  be  suitable 
for  extended  deposits. 


9.3.2  KXPKR1M KNTAl  APPROACH 

Two  approaches  were  taken  in  order  to  prepare  reasonably  thick  plates  of  aluminum  nitride 
bv  chemical  vapor  deposition.  The  first  consisted  of  formation  of  the  reactive  intermediate 
(Reaction  1)  so  that  it  could  bo  vaporized  into  a  deposition  furnace  and  decomposed  to  the 
nitride.  The  second  consisted  of  formation  of  the  reduced  chloride  in  situ,  i.  e.  ,  in  the  gas 
feed  system  immediately  before  entering  the  deposition  one,  and  reacting  it  with  ammonia  at 
a  heated  substrati'. 


j.3,2,1  Separate  Precursor  Preparation 

A.  Reaction  with  X1I4C’I.  A  charge  of  aluminum  metal,  in  the  form  of  aluminum  needles  as 
well  as  cut  aluminum  1100  welding  rod,  was  mixed  with  dry  aluminum  chloride  and  heated 
slowly  under  a  stream  of  dry  ammonia.  Reaction  occurred  at  approximately  a. >0-100  i', 
usually  with  sufficient  vigor  to  prevent  control  and  collection  of  a  useful  product  Several 
efforts  at  dilution  of  the  charge  with  alumina  (Hinder  were  made,  hut  with  equally  unsatis¬ 
factory  results. 


TABU  61  FORMATION  OF  ALUMINUM  MONOHAI  U)E  VAPOR  TRICHLORIDE 
CONVERSION  DATA 


Temperature 

(°C) 

Pressure 

(Torr) 

— - — i 

Conversion 
of  A1C1-, 

(%) 

800 

152 

1 

800 

0.6 

50 

1000 

190 

10 

1000 

5.4 

90 

1200 

266 

50 

1200 

21.3 

99 

A  further  effort  to  moderate  the  reaction  rate  on  decomposition  of  ammonium  chloride 
involved  the  use  of  an  experimental  hot  wire  reactor.  In  this  approach,  radiant  energy  front 
the  wire  heats  an  aluminum-ammonium  chloride  charge  located  directly  beneath  the  wire. 

The  expectation  was  that  the  aluminum  chloride  ammine  would  vaporize  and  decompose  on  the 
wire  to  form  an  aluminium  nitride  deposit.  Again,  however,  initiation  of  the  reaction  occurred 
with  sufficient  gas  evolution  to  prevent  a  controlled  reaction  at  the  hot  wire. 

B.  Reaction  Between  Alt'!  ,  and  NIL;.  A  second  approach  to  separate  preparation  of  the 
am  me  precursor  consisted  of  reacting  ammonia  and  freshly  formed  aluminum  chloride  vapor. 
The  latter  was  prepared  by  reaction  of  aluminum  metal  and  hydrogen  chloride  gas  at  160  t', 
with  the  latter  having  been  generated  by  dropping  concentrated  sulfuric  acid  on  dry  sodium 
chloride.  The  product  consisted  of  a  small  amount  of  a  gray,  glassy  mass,  identified  by 
infrared  spectroscopy  as  containing  aluminum  chloride-ammonia  complexes  as  shown  in 
Figure  07  and  described  as  a  mixture  of  complexes  containing  varying  amounts  of  ammonia 
complexed  to  aluminum  chloride  (Ref.  111.  The  complex  mixture  was  then  heat  treated  at 
250  C  to  decompose  the  higher  ammoniates  to  the  monoammoniate  which  is  useful  for  vapori- 
ation  into  the  furnace  for  deposition  of  aluminum  nitride.  The  yields  for  this  process  were 
somewhat  discouraging  in  view  of  the  fact  that  relatively  thick  deposits  of  aluminum  nitride 
were  sought.  In  view  of  this,  the  approach  was  deferred  for  the  present,  and  it  was  concluded 
that  the  use  of  the  second  method,  i.  e. ,  formation  of  the  reduced  aluminum  chloride  in  situ 
offered  the  most  promise. 


!).:(.  2.  2  111  Situ  Intermediate  Forma  lion  and  Vapor  Deposition 


Since  the  reduction  of  aluminum  trichloride  can  be  accomplished  by  reaction  with  aluminum 
vapor  as  shown  in  Table  01  and  liquation  (211),  deposition  of  aluminum  nitride  was  accomplished 
by  carrying  out  the  reduction  in  the  deposition  furnace  in  the  presence  of  ammonia.  This  was 
accomplished  using  the  laboratory  scale  deposition  system  shown  in  Figure  98.  A  cross-sectional 
view  of  the  deposition  furnace  is  shown  in  Figure  99  and  the  aluminum  metal  charge  receptacle 
is  shown  in  Figure  100.  The  furnace  hot  zone  is  2. 5  cm  s  20  cm.  ,  and  has  a  relatively  uniform 
temperature  profile.  Hence,  the  only  control  over  the  aluminum  temperature  and  hence  its 
vapor  pressure  is  its  location.  Placement  of  the  aluminum  container  directly  above  the  gas 
inlet  zone  as  shown  in  Figure  100(H)  provides  a  temperature  several  hundred  degrees  below  that 
of  the  deposition  target,  also  shown  in  Figure  100(B).  Loss  of  heat  both  to  the  water-cooled 
jacket  and  the  incoming  gases  provides  the  differential,  although  it  is  not  possible  to  control 
deposition  temperature  and  aluminum  vaporization  temperature  independently.  The  container 
lor  the  aluminum  is  a  graphite  cup,  provided  with  a  gas  passage  along  the  axis.  These  cups 
"°re  pyrolytieallv  infiltrated  with  carbon  to  prevent  permeation  of  the  aluminum  into  the 
graphite  pores  and  formation  of  aluminum  carbide.  Capacity  is  approximately  5-G  gm  of 
aluminum. 

Aluminum  chloride  was  contained  in  a  flask  below  the  furnace  and  was  carried  up  to  the 
furnace  inlet  by  a  slow  stream  of  nitrogen  passing  through  the  flask  as  shown  in  Figure  101. 
Temperature  in  the  flask  was  maintained  at  approximately  200  C  and  a  heating  tape  was  pro¬ 
vided  to  prevent  premature  condensation  in  the  gas  lines.  In  the  early  runs,  there  were  prob¬ 
lems  associ  itcd  with  clogging  and  maintenance  of  gas  flows. 

During  the  course  of  deposition  inns  at  lower  temperatures  where  the  aluminum  was  only 
slightly  above  the  melting  point,  the  buildup  of  a  gray,  glassy  deposit  was  observed  around 
the  upper  edge  oi  the  cup.  Some  of  this  material  was  collected  on  the  assumption  that  it  was 
the  aluminum  chloride  amine,  and  used  for  one  deposition  run.  Table  G2  summarizes  the 
results  of  the  deposition  runs  earned  out  thus  far  in  the  program. 

The  deposit  obtained  in  Run  1  consisted  of  a  canary  yellow  material  found  directly  above 
the  feed  gas  inlet  on  the  downward  face  of  the  deposition  target,  yellow-white  whiskers  half¬ 
way  up  the  rod  supporting  the  target,  and  a  relatively  thick  crystalline  black  deposit  else¬ 
where.  All  were  identified  as  containing  aluminum  nitride,  with  a  high  content  of  aluminum 
carbide  in  the  black  deposit.  The  material  from  Run  G  which  was  white  was  also  identified 
as  aluminum  nitride.  Literature  references  mention  both  white  and  yellow  deposits  as  being 
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Figure  97  Infrared  Spectrum  of  AJCI3  NH3  1  KBr  Pellet  Technique)  Cune  lai  is  for  a  less 

concentrated  mature  of  the  ammine  with  the  KBr  matrix  as  compared  with  curse  ibi 


Schematic  of  Deposition  T ube  B 


TABLE  62  ALLMINLM  NITRIDE  DEPOSITION  EXPERIMENTS 


2  It' 


10  (  l  HU  HOKON  M  I  KIDl 


It)  I  IN1ROIHHTION 

10.  I.  I  APPLICATION  AS  A  Mil  l.IMKTKK  WAX'  K  WINDOW 

Hexagonal  bomn  nitride  is  currently  being  consult’ ivil  as  a  radar  I  rails  milling  yyunioyv  lor 
sovora.  high-pcrlormancc  Doll  missile  systems.  Anollicr  motlitioalion  ol  bomn  mtrulc.  u;. 
culiic  boron  nit  rule,  has  not  Heeii  consulorctl  lo  tlalo  as  a  potential  caviar  window,  although  it 
ma\  provide  certain  advantages .  Ueeent  p  twees  sing  research  at  the  Specialty  Materials  De¬ 
partment  fSMUl  ot  the  tumoral  Hlectric  t'ompany  has  ivsulteil  in  the  synthi'sis  v>|  translucent. 
theoretieaH.v -tlense,  etiliie  boron  nitride  with  purity -levels  previously  unattainable.  The  ma¬ 
terial  m  tins  term  has  a  measured  "super"  thermal  conductivity  only  excelled  by  diamond, 
being  almost  double  that  ot  metallic  copper  at  100  V  and  comparable  to  copper  at  alioiit  000V. 

1  Ims .  its  thermal  shock  ligure  is  unexcelled  In  currently  known  insulators  and  its  iniem- 
hardness  is  second  only  to  diamond.  It  has  been  intivvlueed  into  this  program  primarily  to 
assess  Us  |Mitential  lor  transmitting  radar  and  could  be  used  in  a  mosaic  antenna  window  eon- 
ligu  ration. 

10.  1.2  PlllK'KSS  UKSKAlU'll 

I  In'  tryo  (2)  specimens  evaluatixl  v'ii  this  program  were  ptwided  tmtu  existing  Specialty 
Matei ials  Depnitmont  inventory,  Dmoossing  details  tor  these  specimens  arc  company  pm- 
prietary  . 

Id  -  t  II  VKAtTI  Kl/ V1ION  Ol  I’UXSIt  XI  IKOI’I  Kills 

10.2.1  KADAK  rUANSMiri'ANt'K 

1'able  o;t  lists  the  mom  temperature  radar  properties  id  two  dilb'tvntly  pmvossod  cubic 
bonin  nitride  speeiinens  at  21  till.  .  Although  similar  diolect  no  constants  were  obtained,  loss 
tangent  data  showed  significant  y a nabi  1 1 ty  botyvoon  speeiinens.  it  is  suspeeted  that  this  yana- 
bi  1  i tv  may  be  traceable  to  dillerent  lots  v't  precursor  material  nseil  to  svntln'si  re  v-aeli  speeiinen. 
As  yy as  the  ease  lor  other  nitride-based  ee ramies  being  evaluated  v'ti  this  program,  impiwod 
vii  comparably'  dieU>et rie  piyipc'rties  liayv'  boon  vilitanii'il  vy'inpaivd  ti>  y'liiiinu'reial -gratly'  liv't  - 
pressed  S i  ■  { N  ( . 

10.2.2  I'll  K  KM  A  l  y’ONlHf  1'IVl  1  X 

l  igure  ll'2  compares  the  thermal  yximhietivity  v't  cubic  bv'iwn  nitrniy'  (Spec.  No.  102,r>-;tl 
with  high  purity  metallic  copper.  Only  single  crystal  high  purity  diamond  has  a  thermal  con¬ 
ductivity  at  mom  temperature  greater  than  cubic  boron  nitride. 
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I  I  I  lt»M  t  l  SIONS 

ixpertmenial  work  on  this  contract  liming  the  past  war  has  provided  several  alternative  milli¬ 
meter  wave  window  materials  with  potentially  superior  performance  than  state-of-the-art  materials. 
Some  of  the  more  significant  conclusions  are  summarized  below. 

1.  Over  the  temperature  range  (20-S00  t'l  and  frequencies  (S.f>  -  2  1.0  OHz.)  investigated,  GYO 
o  -Si  _N  (  has  been  tound  to  have  at  least  an  order  of  magnitude  lower  loss  tangent  than  commercial 
grade  hot-pressed  modifications.  It  is  anticipated  that  this  advantage  will  continue  up  to  tempera¬ 
tures  approaching  the  vaporization  level  (  '  1700  VI  for  stoichiometric  Si„\  I  where  non-eongruent 
vaporization  characteristics  of  both  modifications  could  limit  their  capability  to  transmit  mm  wave 
frequencies. 

2.  Hot-pressed  AIN  .  prepared  on  this  program,  exhibits  a  10  percent  lower  loss  tangent 
(20  V,  S.f>  GHz)  than  currently  reported  literature  data  on  AIN  prepared  bv  the  hot-pressing  tech¬ 
nique  (Ref.  31).  At  2  1  GHz,  hot-pressed  AIN,  prepared  on  ibis  program  has  an  S5  percent  lower 
loss  tangent  at  2i>  G  and  a  30  percent  lower  loss  tangent  at  $00  G  than  commercial-grade  hot- 
pressed  Si„N  (. 

3.  t  he  thermal  conductivity  of  hot  pressed  AIN,  prepared  on  this  program,  is  approximately 
double  that  of  currently  reported  data  on  AIN  prepared  by  the  hot  pressing  method  (Ref.  oil. 

1.  The  thermal  conductivity  of  vapor -grown  AIN,  evaluated  on  this  program,  is  significantly 
higher  than  hot -pressed  AIN  reported  in  the  literature  (factor  of  3.7  higher  at  200"C,  factor  of  2.  f> 
higher  at  about  $00  C),  t  hus,  AIN  prepared  bv  the  chemical  vapor  deposition  method,  should  also 
exhibit  improved  thermal  conductivity  levels  compared  to  hot-pressed  modifications. 

•">.  I'ho  feasibility  of  synthesizing  AIN  bv  the  chemical  vapor  deposition  technique  has  been 
demonstration  on  a  laboratory -scale  deposition  system. 

d.  Vaporization  experiments  conducted  on  hot -pressed  AIN  confirm  literature  observations 
regarding  its  congruent  vaporization  behavior,  riiis  congruent  vaporization  characteristic  suggests 
the  potential  of  AIN  for  transmitting  millimeter  wave  radar  frequencies  while  surface  vaporization 
is  occurring. 

7.  (1 '-Slaton  is  a  viable  alternative  to  hot-pressed  Si.,\  from  a  cost  and  fabricabilitv  view¬ 

point.  Its  lower  thermal  conductivity  (compared  to  Si.-N  w  ill  result  in  a  lower  thermal  shock 
resistance  figure,  however. 


s-  0 '  -Sia'on  exhibit  a  relatively  "clean"  vaporization  kinetics  compared  to  Si.,N  ami  (here 
foi  may  offer  the  advantage  of  being  able  to  transmit  radar  frequencies  while  surface  vaporization 
is  »ceu.rring. 

s).  I'ubie  boron  nitride,  while  limited  to  mosaic  window  configurations  because  of  size  limita¬ 
tions  i - 1  cm  diameter),  has  an  unexcelled  thermal  shock  resistance  figure  compared  to  other 
nitride-based  candidate  antenna  windows,  its  room  temperature  dielectric  properties  are  com¬ 
parable  to  hot -pressed  8lgN,. 

II-'  RH'OMMtNDA  1'IONS 

An  assessment  of  the  current  status  of  nitride-based  ceramic  millimeter-wave  antenna  window 
developments  in  this  laboratory  (as  a  result  of  the  first  year’s  contract  activity)  has  resulted  in 
thv  following  recommendations  for  future  work: 

1.  1  rocessing  research  should  continue  on  the  chemical  vapor  deposition  of  Si.,N  j  and  AIN 

since  property  characterizations  to  date  indicate  that  ultrahigh  puritv  forms  of  each  material  will 
belter  satisfy  the  stringent  millimeter  wave  radar  transmittance  requirements  of  BMl  systems. 

“ •  1  oncurrentlv,  other  processing  methods  such  as  hot-pressing  ami  pressureless  sintering 

should  continue  to  be  evaluated,  especially  for  AIN  and  d’-Sialons.  utilization  of  ultrahigh  purity 
precursor  powders  will  be  the  key  to  improved  millimeter  wave  radar  transmittance  properties. 

d.  Both  analytical  and  experimental  sub-scale  simulation  studies  should  be  initiated  on  future 
programs  as  material  synthesis  tasks  begin  to  produce  antenna  window  materials  of  sufficient 
si.-e  and  quality  to  lead  to  meaningful  assessments  of  thermostruetural  and  "hot"  radar  trans- 
mi  1 1  a  nee  pi'  r  for  m  a  nee . 

I.  l  imited  resources  should  be  expended  assessing  the  feasibility  of  a  mosaic  antenna  window 
configuration  utilizing  "super"  thermal  shock  resistance  candidates  such  as  cubic  boron  nitride. 


PART  III  THERMOPHYSICAL  AND  MECHANICAL  CH  ARACTERIZ  ATION 
OE  RAYTRAN"  ZINC  SELENIDE 
12.  INTRODUCTION 


12.  PARI  III  I'HI-KMOI'IIVSK'AL  AND  MK'IIANK'AI  CIIAKAlTI.RI/A  I  ION 
Ol-  “RAY  I  KAN"  /INI  SI  l  I  NIDI 

112.  1  INTRODUCTION 

Thu  objective  of  this  tost  program  was  to  provide  mechanical  and  thormophysical  character 
/.ation  data  on  Raytheon's  "Kaytran"  zinc  selenitic  Infrared  window  material  over  a  range  of 
temperatures.  Tills  material  Is  produced  by  chemical  vapor  deposition  (CYI>>  whereas  earlier 
XnSc  plates  were  produced  by  hot  pressing.  Hence,  much  of  the  earlier  data  are  not  strictly 
applicable.  Since  ZnSe  sublimes  rather  rapidly  at  temperatures  above  about  UUHVC,  measure¬ 
ments  were  limited  to  the  range  -250'T  (-157")  to  lsoo  F  (!)rt2'’C). 

I  he  ZnSe  used  in  this  work  was  government  furnished  material. 
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l.V  VI  Si  MATRIX 


rl>"  tost  matrix  for  this  program  is  given  in  Table  (>l.  I'ho  ( rating  was  intended  to  provide  some 
basil-  mochanioal  and  Ihormophvsical  data  ovor  a  fairly  wide  tomporatnro  range. 

I  \IU  I  <>4  /INI  SI  I  I  NIDI  (  It  AK  At  1 1  Kl/  \  I  ION  M  \  I  K I \ 
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14  CUTTING  PLANS 


i4  an  riNii  n  ans 


I'he  plates  used  for  characterization  were  obtained  in  five  different  thieknesses.  Nominal  plate 
thicknesses  were  0. 125,  0.250,  0.500,  0.750  and  1 . 00  inch.  Cutting  plans  for  these  plates  are 
shown  in  Figures  UK!  through  1()7. 


CUTTING  PLAN  -  1/8  IN.  PLATES 


DIMENSIONS:  1/8  X  6.1  X  4.6 

SPECIMENS:  FLEXURE  BARS 


l  ijtnrc  I0.<  i  n 1 1 mu  Plan  I  S  Inch  Plate: 


DIMENSIONS:  1/4  X  2.5  X  3.1 


SPECIMENS : 

K  -  KNOOP  HARDNESS 
T  -  TENSILE 

T.E.  -  THERMAL  EXPANSION 

Figure  104.  Cutting  Plan  1/4  Inch  Plate 


DIMENSIONS:  1/2  X  1 .6  X  5.0 

SPECIMENS:  ULTRASONIC 

Figure  105.  Cutting  Plan  1  /2  Inch  Plate 
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DIMENSIONS:  3/4  X  1.1  X  3.5 

SPECIMENS:  THERMAL  CONDUCTIVITY 


Figure  106.  luffing  Plan  .1  4  Inch  Philo 


CUTTING  PLAN  ~  I  0  IN  PLATE 


DIMENSIONS-  1  0  V  4  0  \  h  0 


SPECIMENS 

T  C  -  THERMAL  CONDUCTIVITY  <.3> 

U/S  -  ULTRASONIC 

TT  -  THERMAL  EXPANSION  V.4? 

T  -  TENSILE  its? 


l  ijiuro  107  (  nifimi  IM.111  I  0  hull  I'lalc 


iuu*tivii\  ;u 


wom  lol'H'l'i';itu.v  KtvatiM-  than  eul,u-  lumm 
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IS.  TEST  RESULTS 

IS. I  THERMAL  EXPANSION 

Thermal  expansion  measurements  were  made  from  -250°F  to  1800'T  us  inn  two  dilatometers. 

In  the  region  from  -250  F  to  200°F,  a  quartz  tube  dilatometer  was  employed.  This  dtlatometev 
was  calibrated  against  an  N13S  certified  fused  silica  standard.  The  specimens  were  then  run  in  a 
"Theta"  differential  dilatometer  against  an  NBS  certified  sapphire  standard.  Two  in-plane  (XI  and 
two  perpendicular  to  the  plane  (Z)  specimens  were  tested.  The  in-plane  or  X-direction  specimens 
were  cut  from  a  1/4  inch  thick  plate  and  measured  l^x  1/4  x  2.00  inches.  The  /'-direction  or 
perpendicular  specimens  were  cut  from  a  1.0  inch  thick  plate  and  consisted  of  two  pieces,  each 
1  t  x  l  / 4  x  1.00  inch,  which  were  stacked  to  form  a  two-inch  long  specimen. 

The  results  of  the  measurements  are  shown  in  Figures  108  and  109  for  the  two  test  directions. 

I  here  is  no  significant  difference  between  the  two  sets  of  data,  which  are  shown  combined  in  Figure 
110.  The  two  sets  of  data  were  each  regression-fitted  using  a  cubic  polynomial.  Ninety-nine  data 
points  were  employed  for  the  X-direction  data  and  130  points  for  the  Z -direction.  The  resultant 
equations  were  then  used  to  calculate  expansion  (dl/1)  or  thermal  strain  and  the  slope  of  the  curve, 
which  is  the  coefficient  of  thermal  expansion,  at  several  temperatures.  These  results  are  given 
in  Table  05. 

15.2  HARDNESS  MEASUREMENTS 

Knoop  hardness  (50  gl  measurements  were  made  at  five  points  on  each  of  two  plates.  Results 
are  given  in  Table  06.  The  mean  is  only  slightly  lower  than  the  value  of  the  100  given  in  vendor 
data  and  the  difference  is  probably  not  significant. 

1 5.3  ULTRASONIC  MEASUREMENTS 


Ultrasonic  velocity  measurements  were  made  to  determine  the  elastic  constants  of  the  material 
under  dynamic  conditions.  Initial  measurements  were  made  in  the  longitudinal  mode  at  several  fre¬ 
quencies  on  specimens  from  a  0.500  inch  thick  plate.  Three  specimens  were  employed,  each  approxi¬ 
mately  1.05  inches  square  by  0.500  inch  thick.  The  direction  of  measurement  was  perpendicular  to 
the  plane  of  the  plate.  Measured  density  of  the  specimens  was  5.20  g/cm  ,  determined  by  water 
Immersion.  The  ultrasonic  measurements  were  made  by  the  bufferblock  method,  using  the  sweep 
delav  of  a  "Tektronix"  oscilloscope  to  measure  transit  time.  This  delay  was  calibrated  using  a 
crystal-controlled  time  mark  generator  to  assure  accuracy.  The  results  of  the  initial  measurements 
are  given  In  Table  67. 
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TABLE  65  THERMAL  EXPANSION  ESTIMATES  FROM  CUBIC  POLYNOMIAL  FIT  OF  DATA 


wuir  ii»-.  i  oniparison  ot  the  Thermal  Conductivity  of  Cubic  Boron  Nitride  I Spec.  lOiS-.O 
with  High  Purity  Copper 
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Considering  tho  wave  velocity  data,  it  is  doubtful  that  any  real  change  in  velocity  occurs  ever 
the  range  of  frequencies  employed.  The  higher  frequency  data  tend  to  be  more  precise  since  the 
ware  peaks  are  more  sharply  defined.  This  tendency  is  reflected  by  the  decrease  in  the  estimated 
standard  deviation  (St  with  increasing  frequency. 

Following  these  initial  measurements,  more  extensive  velocity  measurements  were  made  in 
the  X,  V  (both  in-plane)  and  /  (perpendicular  to  plane)  directions,  l'ho  X  and  Y  direction  specimens 
were  cut  from  a  1.0  inch  thick  plate,  whereas  the  Z -direction  s|>ooimons  were  those  previously  cut 
from  a  0.5  inch  thick  plate.  Measurements  were  made  at  10.0  Megahertz  and  each  specimen  was 
measured  four  times.  Results  of  those  measurements  are  given  in  Table  OS. 

Although  the  wave  velocity  perpendicular  to  the  plane  (Z)  was  only  slightly  less  than  the  in-plane 
velocity  (X,  Y),  the  difference  is  significant  at  the  00  percent  confidence  level.  At  first  it  was 
thought  that  this  indicated  a  slight  anisotropy,  but  additional  /-direction  measurements  on  a 
specimen  from  the  1.0  inch  (2.54  cm)  thick  plate  gave  a  velocity  of  l.  11  km 's,  it  was  therefore 
concluded  that  the  material  Is  isotropic  but  that  a  small  plate  to  plate  difference  in  elastic  con¬ 
stants  exists. 

Since  the  elastic  stress-strain  behavior  of  an  isotropic  material  requires  only  two  elastic 
constants  for  its  description,  an  attempt  was  made  to  determine  the  long  ba.  wave  velocity  to 
obtain  the  second  constant,  rhe  specimens  initially  employed  for  tins  pur|H'se  were  0.25  \  o.2.> 
x  3.00  inches  and  were  cut  from  a  0,25  inch  thick  plate,  rhe  cross-section  of  those  specimens 
proved  to  be  too  large  for  long-bar  measurements,  particularly  at  the  higher  frequencies. 

Attempts  were  also  made  to  measure  long-bar  velocity  on  a  specimen  which  was  0.  125  \  0.50  \ 

0 . 00  inches  in  size,  at  frequencies  as  low  as  0.20  MHz,  but  the  results  were  not  satisfactory 
(i.e. ,  they  were  questionable).  It  appears  at  this  time  that  a  shear  velocity  measurement 
would  probably  be  the  best  way  to  obtain  the  second  elastic  constant. 
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lu  regard  to  tlu>  elastic  constants  for  an  isotropic  material,  these  are  often  Riven  as  t  ame 
constants,  ,\  ami  cl.  C,  is  the  shear  modulus,  in  terms  of  Xnnd  il,  other  elastie  constants  ire 
(Refs.  12,  43): 


I  he  constant  T(  ]t  which  can  be  calculated  from  the  density  and  the  ultrasonic  wave  velocity: 


r 


1 1 


X  •  2ll 


Young's  Modulus,  F  id  (3  X  2i.ll/tX  1  t'd . 

Poisson's  Ratio,  v  X  '2(X  1  til. 

For  a  wave  velocity  of  4.39  0.01  km 's  and  a  density  of  5.2li  g  cm3,  the  value  of  the  elastic 
constant  V  ^  f  is 

C  1 1.70  it). 07  x  10(’  psi. 

t  sing  this  value  for  t'((  and  assuming  various  Poisson's  ratios,  wo  can  calculate  eorrospond 
tug  values  of  Young's  modulus  and  shear  modulus.  Doing  this  we  obtain  the  following 


'oisson's 

Young's 

Shea  r 

Ratio 

Modulus 

Modulus 

0.  20 

11.22  x  10,!  psi 

1.35  x  1  o"  psi 

0..10 

10.92  x  U0!  psi 

4.20  x  1 0*'  psi 

0.31 

10.01  x  10,:  psi 

\ .  0f>  x  1 0*’  psi 

\s  will  be  seen  in  later  sections,  flexure  and  tensile  data  give  a  Poisson's  ratio  of  about  0.20 
and  a  Young's  modulus  of  about  10.2  Msi.  I'hus  the  above  calculation  gives  a  Young's  modulus 
which  is  about  10  percent  higher  than  that  obtained  from  the  other  tests  (assuming  Poisson's  ratio 
Is  0.2!)). 


I>4  Hli  .11  UMITKAIUKI  IXPOSURl  11  l  I  ATS 

The  original  test  plan  called  for  flexure  testing  of  three  specimens  at  room  temperature  after 
exposure  to  1500  F.  W  hen  the  flexure  specimens  were  received  after  machining,  three  were  ex 
posed  to  high  temperature  while  the  remaining  were  being  tested.  These  three  were  placed  inside 
an  alumina  tube,  approximately  1.5-inch  in  diameter  and  IS  inches  long,  and  heated  at  O  F  (.vv> 
l>or  minute  to  1S00  I-  (!)s2"('t,  then  allowed  to  cool.  The  atmosphere  was  air,  but  as  the  system  was 
closed,  the  quantity  of  oxygen  was  limited.  At  the  end  of  this  heating -cool  mg  cycle,  it  was  found 
that  two  of  the  specimens  had  shattered  and  the  third  had  deteriorated  to  the  extent  that  it  was  point¬ 
less  to  proceed  with  flexure  testing.  Prior  to  this  temperature  exposure,  it  had  been  understood 
from  vendor  data  that  tin-  material  had  a  sublimation  temperature  somewhere  between  1 100  and 
1200  t'.’OOO  to  22001);  but  the  condition  of  the  specimens  after  IS 00  T  exposure  prompted  us  to 
run  a  IviA  to  determine  the  extent  of  weight  loss  as  a  function  of  temperature. 


1 5.5  TGA  RESULTS 


A  thermogravimetric  analysis  (TGA)  was  run  at  an  average  heating  rate  of  about  12°C  per 
minute  in  a  nitrogen  atmosphere.  It  was  found  that  the  material  starts  to  lose  weight  at  about 
150  C  and  that  the  weight  loss  becomes  very  rapid  at  about  1000°C.  The  results  of  the  TGA  are 
given  in  Figure  111,  together  with  Differential  Thermal  Analysis  (DTA)  results. 

The  TGA  was  not  included  in  the  original  test  matrix,  but  it  is  unfortunate  that  it  was  not  run 
prior  to  starting  the  other  tests.  Hindsight,  resulting  from  the  TGA,  suggests  several  changes 
that  should  have  been  made  in  the  program,  but  the  information  came  too  late.  Not  only  would  the 
high  temperature  exposure  have  been  limited  to  lower  temperatures,  but  one  must  question  even 
intermediate  temperature  tests.  For  example,  at  500°F  it  is  probable  that  the  surfaces  of  the 
flexure  specimens  lost  material  in  areas  not  protected  by  the  strain  gages  (and  adhesive)  and 
hence,  probably  developed  stress  concentrations  adjacent  to  the  gages. 

15  6  COLD  FLOW  TESTS  (  ROOM  TEMPERATURE  CREEP  TESTS) 

Three  flexure  specimens  were  loaded  to  2000  psi  stress  and  held  under  load  (at  room  tempera¬ 
ture)  for  periods  of  16  to  72  hours.  At  the  end  of  the  load  periods,  they  were  unloaded  and  checked 
for  any  permanent  set.  This  was  done  by  means  of  strain  gages,  the  resistances  of  which  were 
checked  before  and  after  loading.  No  detectable  changes  in  strain  was  observed  and  it  was  con¬ 
cluded  that  cold  flow  was  negligible  at  this  stress  level. 

In  regard  to  cold  flow,  it  should  be  noted  that  such  flow  is  usually  most  rapid  immediately 
after  loading  and  then  slows  down.  Hence,  there  did  not  appear  to  be  much  reason  for  extending 
the  loading  periods  unless  one  were  to  hold  the  load  for  several  months.  Also,  it  did  not  seem 
reasonable  that  the  material  would  be  held  at  much  higher  stress  levels  for  any  extended  period 
of  time  in  end-use  applications. 

15.7  FLEXURE  TESTS 

Flexure  tests  were  run  at  temperatures  from  -250’F  to  1000°F.  A  self-aligning  four  point 
fixture  was  employed  with  a  support  span  of  5.0  inches  and  a  load  span  of  2.5  inches.  The  speci¬ 
mens  of  the  original  set  were  six  inches  long  with  nominal  width  and  thickness  of  0.625  and  0. 130, 
respectively.  The  faces  of  the  specimens  were  polished  to  the  optical  finish  condition,  as  supplied. 
The  cut  edges  were  ground  to  a  25  microinch  finish.  Strain  gages  were  used  for  strain  measure¬ 
ments  at  temperatures  up  to  and  including  500 "F  but  a  deflectomcter  was  employed  for  the  higher 
temperature  measurements. 

Results  of  the  tests  are  given  in  Table  69.  At  temperatures  of  500  F  ami  below,  strain 
measurements  were  made  on  both  the  tension  and  compression  sides  of  the  specimen  and  both 
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(Specimens  with  top  and  bottom  surfaces  in  optically  polished 
condition,  sides  ground  to  25  microinch  finish.) 
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sets  of  readings  art'  given  in  the  table.  At  room  temperature  and  -250  K  (lie  stress-strain  curve* 
were  linear  to  failure  and  so  are  readily  reproduced  from  the  strength  (Modulus  of  Rupture)  and  ulti¬ 
mate  strain  data.  At  250'  F  the  material  showed  a  slight  ductility  which  increased  with  increasing 
temperature  nnd  therefore,  the  stress-strain  curves  for  the  higher  temperatures  are  reproduced 
in  Figures  112  through  115.  The  specimens  tested  at  700  F  and  1000  F  did  not  fail,  the  tests 
being  terminated  when  the  specimens  had  deflected  to  the  limit  of  travel  imposed  by  the  lest  fixture. 

Poisson's  ratio  measurements  were  made  from  room  temperature  to  500  F.  An  attempt  was 
also  made  to  obtain  Poisson’s  data  at  -250  F,  but  the  outputs  of  the  Poisson  gages  were  too  eratie 
at  this  temperature  to  provide  reliable  data. 

Considering  the  modulus  of  rupture  data,  It  will  be  noted  that  the  strength  increases  rather 
suddenly  between  room  temperature  and  250"  F,  where  the  material  is  beginning  to  become  ductile. 

It  was  suspected  that  this  was  an  indication  that  the  low  temperature  (i.e.,  R.T.  and  -250°F! 
strengths  were  low,  probably  as  a  result  of  the  ground  finish  on  the  edges  of  the  specimens.  We 
therefore  contacted  Mr.  Robert  Donadio  of  tire  Raytheon  Research  Division  to  seek  his  advice. 

Mr.  Donadio  was  quite  certain  that  the  ground  edges  were  contributing  to  the  low  strengths  and 
kindly  provided  us  with  six  bars  of  the  size  we  had  already  tested  plus  three  small  bars  in  order 
that  we  might  check  for  possible  size  effects.  These  bars  were  polished  on  all  faces  and  edges 
and  the  corners  (of  the  cross  section)  were  slightly  beveled  to  minimize  possible  nicks. 

Since  we  had  already  acquired  the  necessary  modulus  and  Poisson's  data,  it  was  decided  to 
run  these  nine  specimens  without  strain  gages  in  order  to  avoid  any  possible  surface  damage  from 
such  additional  handling. 

The  three  small  specimens  were  tested  in  four  point  flexure  at  room  temperature  using  spans 
of  1.  50  and  0.  75  inches.  Two  each  of  the  large  specimens  were  tested  at  -250"F,  room  tempera¬ 
ture,  and  1 250" F.  The  spans  used  in  testing  were  5.0  and  2.5  inches.  The  results  are  given 
In  Table  70. 

Comparing  the  large  and  small  specimens,  it  is  seen  that  the  small  specimens  gave  strengths 
which  averaged  over  2000  psi  higher  than  the  large  specimens,  but  even  the  large  specimens  gave 
strengths  equal  to  those  listed  for  the  material  (t.e. ,  7500  psi)  in  Raytheon  literature  (Ref.  m. 

All  of  the  large  specimens  had  strengths  which  were  significantly  higher  than  those  obtained 
in  the  earlier  tests.  The  difference  is  illustrated  in  Figure  110  and  is  attributed  to  the  ground 
edges  on  the  earlier  specimens. 
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Figure  112.  Flexure  Test.  ZnSe.  250'F 
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TABU  70.  RAYTR4N  ZnSe  FLEXURE  1 1  SI  RLSUL  IS (FOUR  POINT  LOADING) 


[Specimens  with  Polished  Faces  and  Sides, 
Bevelled  tdges.] 


Number 

Temperature 

m.  - 

Width 

(in--) 

Thickness 

(in.) 

Flexure 

Strength 

(Psi) 

1  1 

Notes 

S-l 

+  75 

0.2702 

0. 1476 

11  .050 

•"  3 

(1) 

S-2 

+  75 

0.2703 

0. 1401 

9,260 

0) 

S-3 

+  75 

0.2704 

0.1480 

9,250 

1 
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+  75 

0.6110 
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7,470 

(J 

(2)  1 
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-  250 
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i  ‘ 

(2)  r' 
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0.6120 

0. 1151 

9,020 

2 

(2)  fl 

(i) 

Spans  - 

1 . 5  and 

0.75  inch 

(2) 

Spans  - 

5.0  and 

2.5  inch 

15.8  TENSILE  TESTS 

Since  a  flexure  test  specimen  experiences  tension  ami  compression  stresses,  tensile  measure¬ 
ments  of  the  elastic  constants  were  made  as  a  check  on  those  obtained  in  the  flexure  tests.  These 
results  are  Riven  in  Table  71  and  in  general,  are  comparable  to  those  obtained  from  the  flexure  tests. 

1 5»  THERMAL  CONDUCTIVITY 

Thermal  conductivity  measurements  were  made  using  a  one-inch  diameter  cut-bar  comparator. 
These  results  are  tabulated  in  Table  72  and  are  shown  graphicallv  in  Figure  117.  It  is  seen  from 
the  figure  that  the  in-plane  and  perpendicular  to  plane  conductivities  are  essentially  the  same, 
further  indicating  that  the  material  is  isotropic. 


Figure  1  16.  Zinc  Selenide  Flexure  Strength  Finish  F.ffects 


15.10  SPECIFIC  HEAT 


Specific  heat  measurements  were  made  using  a  Perkin-Elmer  Model  DSC-II  differential 
scanning  calorimeter.  Results  of  the  measurements  were  as  follows: 


Specific  Heat  (BTlT/lb-°F) 


100  F 

250°F 

750  F 

1000°F 

0.080 

0.081 

0.088 

0.  090 

0.084 

0.0815 

0.  080 

0.095 

Mean: 

0.082 

0.081 

0.087 

0.092 

These  data  are  shown  in  Figure  118. 


TABLE  7 1  ZnSe  ELASTIC  CONSTANTS  FROM  TENSILE  TESTS 
(ROOM  TEMPERATURE) 


In  Plane _  Perpendicular 


Number 

Modulus 
(Psi ) 

Poisson 's 

Ratio 

Modulus 

(psi) 

Poisson 

Ratio 

1 

10.7 

0.28 

10.3 

0.29 

2 

10.5 

0.28 

9.8 

0.30 

3 

10.5 

0.27 

9.9 

0.29 

Mean 

10.6 

0.28 

10.0 

0.29 

TABLE  72  THERMAL  CONDUCTIVITY  DATA 


(One  Inch  Diameter  Cut-Bar  Comparator) 

Thermal  Conductivity 


Temperature 

(°F) 

no-- 

1  BTU/f t-sec-°R) 

In  Plane 

Perpendicular 

-  112 

4.92 

— 

-  108 

— 

4.61 

-  108 

— 

4.64 

-  102 

5.05 

-- 

96 

3.02 

-- 

109 

— 

2.68 

199 

2.19 

— 

260 

— 

2.81 

416 

1.80 

— 

604 

1.26 

— 

734 

1.19 

-- 

758 

— 

1.30 

763 

— 

1.28 

778 

-- 

1.29 

993 

-- 

1.27 

1000 

1.15 

— 

1002 

-- 

1.28 

250 
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16.  1  ART  III  THERMOPHYSICAL  AND  MECHANICAL  CHARACTERIZATION 
OF  “RAYTRAN"  ZINC  SELENIDE  RECOMMENDATIONS 
FOR  FUTURE  WORK 


in  the  present  work  the  range  of  temperatures  Involved  was  considerably  greater  than  the  XnSe 
.R  window  was  expected  to  experience  in  end  use  and  the  number  of  tests  conducted  at  each  temper¬ 
ature  was  therefore,  very  limited,  it  is  recommended  that  a  more  detailed  study  be  made  over  the 
narrower  end-use  temperature  range.  This  would  include  flexure  tests  with  at  least  six  to  ten 
specimens  per  temperature  to  provide  a  better  statistical  basis.  These  should  be  taken  from 

several  lots  of  material.  Dynamic  determination  of  elastic  constants  over  this  limited  temperature 
range  should  also  be  included. 

in  regard  to  cold  flow  or  creep,  the  present  work  showed  no  detectable  effect  at  room  tempera¬ 
ture  and  2000  psi  after  72  hours  exposure.  However,  if  window  clamping  stresses  are  applied  over 
a  period  of  years,  some  measureable  flow  or  relaxation  could  occur. 

It  is  understood  that  Raytheon  currently  has  an  experimental,  higher  strength  version  of  the 
"Raytran"  ZnSe  and  it  is  recommended  that  this  be  included  in  future  work,  if  available. 
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